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 Abstract 
 
This investigation was conducted in two phases. The first phase aim was to describe 
the length, internal and external diameter, cancellous bone volume/extent and 
cortical bone thickness at predetermined locations in the radius and ulna in a 
cohort of skeletally mature and disease-free cat cadavers using radiography and 
computed tomography. This phase provided a morphometric description of normal 
cat antebrachii and served as reference for implant selection for the second phase. 
The aim of the second phase was to compare the biomechanical properties of three 
constructs for dual bone fixation (DBF) in a cat ex vivo antebrachial, fracture-gap 
model. Twelve cat cadaver antebrachii were radiographed to confirm normal 
skeletal appearance and maturity. Antebrachii were allocated for application of one 
of three constructs in an incomplete randomised block design (n=8/group); 10-hole 
1.5/2.0mm Synthes® LCP radial plate (P); Plate and 1.2mm ulna intramedullary  pin 
(PI) and Plate with an 8-hole 1.5/2.0mm orthogonal Synthes® ulna LCP plate (PP). 
Dual bone fixation constructs were PP and PI with P used as a control. Constructs 
were tested in non-destructive mediolateral and caudocranial four point bending, 
axial compression and finally axial compression to failure.  Dual bone fixation 
constructs (PI and PP) were significantly stiffer (P< 0.001) than P in axial 
compression and caudocranial bending. There was no difference between PI and PP 
in axial compression and caudocranial bending (P=0.28) and no difference between 
any construct in mediolateral bending (P=0.72). The failure load was significantly 
greater for PP than PI (P<0.001) and PP and P (P<0.001) respectively. There was no 
difference between PI and P failure loads (P=0.45).  In this cat ex vivo fracture-gap 
model, DBF (PP and PI) constructs were significantly stiffer in axial compression and 
caudocranial bending than radial plate alone. Dual plate constructs had a 
significantly higher failure load than any other construct.  
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 Chapter 1 – Introduction and the Research Question 
 
Many of the principles of orthopaedic fracture management are common to cats, dogs 
and people.  Healthy mammalian bone responds in a predictable and consistent manner 
to injury, irrespective of species.  Yet despite these similarities, there are important 
differences in how each species’ orthopaedic injuries will heal after stabilisation. It is 
important to appreciate that how an animal uses its limbs will direct fracture 
management. Veterinarians have historically approached small animal fracture 
management in cats using the same methods as those used in dogs, assuming that the 
species were similar. For this reason, there is a paucity of prospective veterinary literature 
dedicated to the study of feline orthopaedics.  
 
One key example of inappropriate homology between feline and canine orthopaedics is 
the approach taken to feline antebrachial fractures. The most common cause of radius 
and ulna fractures in both dogs and cats is trauma, often after interaction with a moving 
vehicle1. Radius and ulna fractures have been reported to comprise 18% of fractures in 
dogs1 and 2-14% of cat long bone fractures1–3. The majority of radius and ulna fractures 
are located in the proximal (25%) to mid diaphysis (57%)4. In normal cats, the forelimbs 
carry 48% of body weight at a walk and 149% jumping from a 1m height5. In contrast, dogs 
carry 58-68% of their body weight through their forelimbs6. The radius is said to be the 
main weight bearing bone of the forelimb in dogs and cats7,8. Traditionally it was thought 
that approximately 75-80%9,10 of the load in the forelimb was transmitted through the 
radius, however a recent study in canine cadavers has shown that the radius contributes 
to transferring approximately 51% of the load across the elbow joint11. Similar studies 
have not been performed in the cat, however it is possible that the true loads experienced 
by the radius in a normal cat elbow are significantly different from traditional estimates. A 
recent retrospective study by Wallace et al4 on antebrachial fracture management in cats 
suggested that the increased range of pronation and supination between the radius and 
ulna in cats may result in decreased stability of the fixation provided by implants, and 
hence predispose to complications. Cats have a more pliable and extensive interosseous 
membrane12,13, which in combination with the proximal and distal radioulnar joints, may 
facilitate the superior supination (range 90-128°) and pronation of cats (range 40-
50°)10,12,14,15. Dogs on the other hand have reduced ability to pronate and supinate by 
comparison, with reports of 27-50° and 45-90° for ranges of pronation and supination 
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respectively10,12,14. Wallace et al 4 observed that the combination of stabilising both the 
radius and ulna had a lower revision rate (12.5%) compared to revision after single bone 
fixation (27.8%). This revision rate is substantially higher than the reported 0-18%16,17 for 
small breed dogs with antebrachial fractures stabilised the same way. In people, current 
recommendations are to stabilise both the radius and ulna in comminuted fractures18,19.  
 
Stabilization of radial and ulnar diaphyseal fractures in the cat has been described using 
veterinary cuttable plates4,20, dynamic compression plates4,21–23, limited contact dynamic 
compression plates20,21, locking plate systems22 and external fixators4,24,25. The current 
recommendations for radial plate size for cats weighing greater than 5kg is 2.0mm, 
although 1.5mm plates may be adequate in cats up to 8kg20. Intramedullary (IM) pinning 
of the ulna in combination with plating of the radius is considered an acceptable 
technique for fracture of the radius and ulna as it may reduce radial plate strain4,20,21,26–28. 
Ex vivo studies in dogs performed by Hulse et al26,27 report on the addition of IM pins to 
single bones in combination with a plate to form plate-rod constructs. In these studies, the 
addition of an IM pin reduced plate strain by half and increased the fatigue life of the 
construct by ten-fold. There are however, no reports of the effect of an IM pin on the 
biomechanics of an adjacent plated bone. There are no reports in the literature on the 
biomechanical properties of locking implants used in the feline antebrachium or the 
biomechanical effect of dual bone fixation of the antebrachium in any species.  
 
Cats are more comparable to people in their forelimb use and dexterity requirements than 
they are to dogs. Therefore, feline antebrachial fractures may require similar fracture 
management to that of people. We still do not understand many of the nuances of feline 
antebrachial anatomy that may contribute to differences in healing potential.  Major 
complication rates of up to 18% have been reported in small dogs (< 10kg) with 
antebrachial fractures treated with bone plates16. Extensive research into small dog 
antebrachial bone density, bone type, bone quality and distribution are reported29–31. There 
are detailed descriptions of the vascular supply of the intramedullary canal and periosteum 
of the small dog radius and ulna7,32,33. Similar information is not available in cats, despite 
cats with antebrachial fractures having reported complications rates of 12.5-27%4.   
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The aims of this project were two-fold. The first aim was to describe the length, internal 
and external diameter, cancellous bone volume and extent and cortical bone thickness at 
predetermined locations in the radius and ulna in a cohort of skeletally mature and 
disease-free cadavers using radiography and computed tomography (CT). The data from 
this phase provided a morphometric description of normal cat antebrachii and served as a 
reference for implant selection for the second phase, and can also be used in future 
studies. The second aim of this research was to investigate the biomechanical properties of 
methods of dual bone fixation in a feline, ex vivo, antebrachial fracture-gap model. The 
methods of dual bone fixation used in this project were radial plating with an ulnar pin 
(plate-pin) and radial and ulnar plating, compared to radial plating alone. All of the bone 
plates used in this study were locking compression plates held in situ using locking screws. 
Our hypothesis was that dual bone fixation constructs would have higher failure loads and 
stiffness in axial compression, mediolateral and caudocranial bending compared to radial 
plating alone. 
  
17 
 
 Chapter 2 – Literature Review 
 
A. Anatomy of the Cat  
1. Weight Distribution in the Cat Forelimb 
Force-plate analysis of fifteen normal cats showed that the forelimbs carry 48% of body 
weight when walking5. The same study reported that up to 149% of body weight was 
experienced by the forelimbs when jumping from a 1m height onto a force plate. In 
contrast, a recent force-plate analysis study reported that 95% of the 54 mature, medium 
to large breed dogs studied carry between 58-68% of their body weight through their 
forelimbs6. The radius has been said to be the main weight bearing bone of the forelimb in 
dogs and cats, however this has never been proven and is assumption derived from early 
anatomy texts7,8,34. Traditionally it was thought that approximately 75-80%  of the load in 
the forelimb was transmitted through the radius, however this too was an arbitrary figure 
derived from prominent textbooks without scientific backing9,10. A recent cadaveric study 
in dogs using intra-articular force mapping devices has shown that the radius contributes to 
transferring approximately 51% of the load across the elbow joint under weight-bearing 
conditions11. Similar studies have not been performed in the cat, however it is possible that 
the true loads experienced by the radius and ulna in the elbow of a normal cat are 
significantly different from traditional estimates. It is reasonable then to suggest that dual 
bone fixation may neutralise more of the forces encountered in a fractured antebrachium 
than stabilisation of the radius alone.  
2. The Radius 
The radius is located craniolateral to the ulna proximally, and medial to the ulna  
distally34–37. In cats, the angle of deviation of the radius relative to the saggital plane of the 
ulna is reported as 35-40 degrees versus 15-20 degrees in dogs8. The radius is flattened 
dorsoventrally with flared metaphyses at either end. The shaft is slightly concave 
proximally and convex distally relative to the saggital plane. The radial diaphysis has a slight 
procurvatum but the normal procurvatum of the cat radius has not been reported. In 
radiographs of 100 normal antebrachii in the Labrador, the mean radial procurvatum was 
27 degrees (range 21.3 – 31.8 degrees)38.  The radial head is slightly concave and bean 
shaped in cross section to accommodate the articulation with the capitulum of the 
humerus. As in most quadrupeds, the radial articulation with the lateral portion of the 
humeral condyle proximally and the radial carpal bone distally are believed to facilitate 
most of the antebrachial weight bearing although, as discussed earlier, this remains 
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unproven in cats36. Along the ulnar border of the radial head is the articular circumference 
which engages with the radial notch of the ulna34–37. Below the radial head is the neck, 
which in cats is the narrowest point of the radius and the limit of proximal implant 
insertion21. Just distal to the neck on the caudolateral surface of the diaphysis is the 
bicipital tuberosity for the insertion of the tendon of the biceps brachii muscle. Distal to the 
bicipital tuberosity is the interosseous crest from which the interosseous membrane arises. 
The dorsal surface of the distal radial metaphysis has longitudinal recessed grooves for the 
extensor tendons. The distal radial epiphysis is characterised by the presence of the medial 
styloid process. At its most distal lateral surface, the radius has a concave facet for 
articulation with the ulna. The collective term for the entire distal radial metaphysis and 
epiphysis is the radial trochlea.  
 
 
Figure V-1. Osseous anatomy of the cat radius 
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3. The Ulna 
The cat ulna is flattened in the mediolateral plane. The olecranon process of cats is smaller 
than in the dog, and its caudal surface curves cranially8,21,34,36,37. The bone proximal to the 
semilunar notch is called the olecranon. The olecranon fits into the olecranon fossa of the 
humerus when the elbow is extended, and also serves as the insertion of the triceps 
tendons34,36,37,39. The proximal end of the ulna is marked by the semilunar notch, which has 
a saddle shaped articulation with the humeral trochlea. The coronoid processes represents 
the distal boundary of the semilunar notch34,36,37,39. The axial surface of the medial coronoid 
is concaved and represents the radial notch which articulates with radial head. The caudal 
ulnar surface in the cat differs significantly from the dog. The cat’s caudal ulnar surface is 
convex from proximal to the midshaft, and then concave distally34,36,37,39. Along the 
craniolateral aspect of the ulnar diaphysis, the interosseous crest abuts the crest on the 
corresponding area of the radius and is the insertion point of the interosseous 
membrane34–37. The ulna gradually tapers distal from the level of the coronoid to the styloid 
process. The diaphysis of the ulna is a mediolaterally compressed oval proximally which 
progressively takes on a triangular cross section distally34–37. The distal ulnar metaphysis 
flares at its axial articulation with the radius (at the radial ulnar notch) just proximal to the 
styloid. Distal to the distal radioulnar articulation, the ulna continues as the rounded 
(lateral) styloid process that articulates with the accessory and ulnar carpal bones 
medially34–37. In the cat, the shape of the distal ulnar growth plate is straight compared to 
the cone-shaped physis of the dog 13,36.  
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4. Antebrachial Dexterity in the Cat 
Several factors contribute to a cat’s ability to pronate and supinate the antebrachium.  
These include the degree of radial deviation8, the collateral ligaments of the elbow12,15, the 
extensive and pliable interosseous membrane13,21,37 and the configuration of the proximal 
and distal radioulnar articulations13,21,37.  
In a cadaveric study of three cats and six dogs that examined the elbows and antebrachii, 
Farrell et al12 reported cats had a mean (+/- SD) pronation angle of 50 +/-15° (range, 30–
70°) and suppination angle of 129 +/-19° (range, 108–152°). By comparison, dogs had a 
mean (+/- SD) pronation angle of 27.3 +/- 8° (range, 16.7–41.3°) and supination angle of 
45.5 +/- 10.8° (range, 30.7–67.3°). Farrell et al12  found that laceration of the elbow’s 
medial collateral ligament significantly increased pronation angles and laceration of the 
Figure V-2. Osseous anatomy of the cat ulna  
21 
 
lateral collateral increased supination angles in both dogs and cats. People can pronate 
their forearm up to 85° and supinate up to 85–90°40. The complete antebrachial range of 
motion in people is thus between 170–175° and hence the antebrachial range of motion in 
the cat is between that of people and dogs. Cats have approximately twice the antebrachial 
range of motion of dogs which allows them to perform tasks requiring dexterity such as 
grooming.  
In the cat,  the interosseous ligament is absent and replaced by a more pliable and 
extensive interosseous membrane that grossly spans approximately 75-80% of the length 
of the interosseous space12,13 (Figure V-3). The interosseous membrane extends from 
approximately 1cm distal to the radial neck to approximately 1-2cm proximal to the distal 
radioulnar articulation. The interosseous membrane inserts between the respective 
interosseous crests which are found on the caudal aspect of the radius and cranial aspect of 
the ulna respectively.  It has been demonstrated in human cadavers  that the interosseous 
membrane is an important stabiliser of the distal radioulnar joint41 and provides axial 
stability to the antebrachium distal to the radial head by purportedly decreasing shear 
between the bones41,42. Surgical reconstruction of damaged interosseous membranes has 
been described in people  as a means of improving antebrachial axial stability and range of 
motion43,44. It is feasible then, that traumatic interruption of the interosseous membrane in 
cats may alter the axial stability of the antebrachium and relative motion between the 
radius and ulna despite internal fixation of a single bone4. Wallace et al4 proposed in their 
retrospective study of feline antebrachial fractures that excessive motion (rotational and 
axial) between the radius and ulna in cats with only single bone internal fixation increases 
the frequency of major complications. Whether reconstruction of the interosseous 
membrane alters the axial stability and biomechanical behaviour of the cat antebrachium 
remains unknown. 
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Figure V-3. Lateral aspect of the cat antebrachium highlighting the extent of the 
interosseous membrane (arrows). 
5. Vascular Supply to the Radius and Ulna 
In most species, long bone blood supply is provided by the nutrient, metaphyseal, and 
periosteal arterioles34,36,37,39. Periosteal vessels supply the outer one-tenth to one-third of 
cortical bone whilst the nutrient artery and its medullary branches supply the remainder of 
the cortex34,36,37,39,45,46. In cats, a branch of the cranial interosseous artery enters the radius 
through the nutrient foramen on its caudolateral surface in the proximal one-third of the 
diaphysis. Another branch of the cranial interosseous artery also supplies the ulna and 
enters the bone on its cranial surface in the proximal one-third of the diaphysis34,36,37,39,45. 
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The intraosseous blood supply to the radius has been reported in small breed dogs33 due to 
their reported propensity  for major complications after distal antebrachial fracture 
repair16,17,47–49. Welch et al33 compared the intraosseous blood supply between large and 
small breed dogs and found that small breed dogs had a decreased vascular density at the 
distal diaphyseal-metaphyseal junction. The authors concluded that decreased vascular 
density may reduce healing capacity at this location which may increase the risk of major 
complications in these dogs. The microscopic appearance of the  intraosseous blood supply 
to the cat radius has not been described despite similar reported post-operative 
complication rates, albeit in a more proximal location3,4,16. In a canine cadaveric  study by 
Garofolo et al32, 12 normal unpaired antebrachii had India ink-mix angiography performed. 
This study described the complex network of periosteal vessels in limbs from normal, 
medium to large breed dogs including those supplied by the median, radial, cranial 
interosseous, and caudal interosseous arteries32. These methods and findings were  similar 
to a cadaveric study of human radii50 . Studies looking at the periosteal and intraosseous 
blood supply to the feline antebrachium have not been performed. Given that the 
periosteal blood supply is essential to fracture healing, anatomic description of these 
vessels could be useful information for veterinary orthopaedic surgeons. 
 
6. Morphometry and bone density of the cat antebrachium 
Anatomic texts34,36,37,39 only describe the surface anatomy of the domestic feline 
antebrachium. There are no reported references for normal antebrachial morphometry and 
bone density in the domestic cat. Bone morphometry is the quantitative analysis of an 
osseous structure’s shape and size. CT is the preferred method of image acquisition for 
osseous morphometric studies51–54. CT acquired images of bone slices can be reconstructed 
into multiplanar and three-dimensional models; digitally quantify cancellous bone volume, 
and facilitates measurement of cortical thickness in any desired plane. CT morphometry of 
the domestic cat has not been described, however there has been a single allometric study 
of felid bones by Doube et al55. Allometry is the study of the relationship between 
anatomical shape and size with function. Doube’s study used CT and digital calliper 
measurement to report the maximum external diameter, mean cortical thickness, cross-
sectional area, maximum section modulus, maximum second moment of area and polar 
moment of inertia of a single cadaveric sample from felids ranging from domestic cats to 
lions. The study does not report the raw measurements for the domestic cat radius and 
ulna, but reports the relative measurements to other felids within the study. CT 
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measurement of bones using OsiriX® multiplanar reformatting has previously been 
validated as an accurate and repeatable measurement tool that was non-inferior to digital 
Vernier calliper measurements of bone manually56,57.  Those studies were performed using 
16 and 256-slice CT machines capable of isotropic resolution in reformatted multiplanar 
images and may not be replicated in less advanced machines. A study on the agreement 
and repeatability of single-slice CT imaging in measuring vertebral body lengths in three 
canine cadavers compared to calliper measurements24 found that vertebral body length 
measured from single-slice CT images overestimated vertebral body length by a mean 2.2 
mm when compared to callipers. That study was limited in that only three dogs were 
measured.  Furthermore, the CT images obtained in that study had a slice thickness of 4 
mm with no slice overlap, which limited the spatial resolution and increased the effect of 
partial volume averaging. To reduce this error, 1mm slice thickness with 0.5mm overlap has 
previously been demonstrated to decrease the effects of partial volume averaging58,59.  
Similar technology has been used to accurately assess CT reconstructions of joint spaces in 
the canine elbow which strongly agreed with frozen section calliper measurements with 
mean variation of 0.15 mm60. High resolution 40 µm CT slices have been used to study cat 
auditory ossicles61 using micro-CT, however given the size of the cat radius and ulna, the 
accuracy of traditional CT machines is adequate for morphometric study of the feline 
antebrachium.  
 
Absorptiometry is the measurement of radiation attenuation by living tissue which helps to 
determine density62. Bone density evaluations are most commonly performed with either 
dual-energy X-ray absorptiometry (DEXA) or quantitative CT absorptiometry. DEXA is 
achieved by exposing a patient to two different X-ray radiofrequency energies, and like 
radiographs, produces a two-dimensional image. Once soft tissue attenuation is subtracted 
from the computational algorithms, only bone (mineral) absorption of the two different X-
ray energies remains. The absorption of the X-ray energies is directly related to bone 
density. DEXA is frequently used to screen perimenopausal women to monitor bone 
mineral density, evaluate fracture risk and response to treatments63,64.  Quantitative CT 
absorptiometry uses specific calcium hydroxyapatite phantoms before each CT scan65. The 
calcium hydroxyapatite phantom has a specific density (Hounsfield unit) that then allows 
direct conversion of the scanned region of bone’s Hounsfield units into bone mineral 
density (calcium hydroxyapatite concentration) in three dimensions (volumetric bone 
density).  Normal cat bone density by quantitative CT absorptiometry or DEXA has not been 
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reported, however DEXA has been successfully used to monitor bone density in response to 
treatment in cats suffering from mucopolysaccharidosis66 and nutritional secondary 
hyperparathyroidism67. In contrast, the antebrachial bone density, bone type, bone quality 
and distribution for the dog are reported in the literature29–31.  
 
Measuring mineral bone density, antebrachial morphometry, anatomic and mechanical 
axes, intraosseous and periosteal blood supply in normal cats remain areas of interest for 
future study which will serve as important references for veterinary orthopaedic surgeons 
managing fractures in cats.  
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B. Fractures in the Cat Antebrachium 
1. Location and Type 
The most frequent cause of radius and ulna fractures in both dogs and cats is trauma, often 
after interaction with a moving vehicle1. Radius and ulna fractures have been reported to 
comprise 17.8% of fractures in dogs1, compared to between 2-14% of cat long bone 
fractures1–3. The majority of radius and ulna fractures are located in the proximal to mid 
diaphysis with 25% and 57.2% occurring at those locations respectively4. A recent study by 
Nolte3 of 334 appendicular fractures in the cat reported that combined radius and ulna 
fractures comprised 13.8% of all fractures in that study, which is higher than that reported 
by Philips in 19791,  likely reflecting the population sampled.  
2. Methods of Fracture Stabilisation for the Cat Antebrachium 
The cat antebrachium can be stabilised after fracture using surgical or non-surgical 
methods. In order to stabilise a fracture, torsion, bending, compression, shear and tension 
forces need to be neutralised (Figure V-4)10,20,21,68. The objectives of fracture management 
are anatomic reduction; preventing fracture displacement, angulation and rotation; 
preservation of soft tissues and early return to full limb function9,10,69. Surgical stabilization 
of radius and ulna diaphyseal fractures in the cat has been described using veterinary 
cuttable plates4,70, dynamic compression plates (DCP)4,23, limited contact dynamic 
compression plates (LC-DCP)70, locking plate systems22 and external fixators 4,24,25. 
Amputation of the limb should only be performed as a salvage procedure. Non-surgical 
management involves the use of external coaptation1. 
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Figure V-4. Representation of the forces acting across a long bone fracture. Modified from 
Roe et al in Slatter (eds).71 
 
Depending on the fracture configuration and location, the contribution of each type of 
force will vary. Clinically, bending is thought to contribute to a great proportion of the force 
required to fracture cat antebrachii1,4. High velocity trauma such as from a motor vehicle is 
the most common cause of feline antebrachial fractures1,4. Bending fractures occur when 
the inciting traumatic force overcomes the elastic limit of the bone at a focal point along its 
length10. Bending fractures commonly cause either oblique or transverse configurations 
although they may have a butterfly fragment10. Wallace et al reported that 21/26 (81%) of 
feline antebrachial fractures in their study had transverse fractures. Bending causes tensile 
forces on one side of the bone and compressive forces on the other. Bone is considered to 
be weaker in tension than compression72 thus bone plates are typically placed on the 
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theoretical tension side of the bone under compression to neutralise these forces9,10,20,21. In 
the radius, the cranial aspect of the bone is the tension side. In the ulna, the  caudal aspect 
of the bone is the tension side20. 
 
a) External Coaptation 
External coaptation is the application of splint, casts or bandages externally to the animal. 
The outcome of external coaptation depends on the fracture biology and mechanics, skill 
of the applicator and owner/animal compliance. External coaptation provides external 
rigidity to a fracture site, limits soft tissue swelling by providing compression and protects 
the limb from the environment. External coaptation does not effectively control shearing, 
torsional, compressive and tensional forces. It was initially hypothesised that ground 
reaction forces were transferred from the point of contact, through the coaptive device, 
past the fracture site and into the bone proximal to the fracture. However, several studies 
of tibial fractures and below the knee casts in people73–75 found that only 15% of ground 
reaction forces were transmitted through the casts, leaving 85% of the load to pass 
through the fracture site’s soft tissue and bone. These studies suggested that external 
coaptation use for tibial fractures was supported by three mechanisms – 1, increased 
hydrostatic pressure within the soft tissues; 2- elasticity of the soft tissues prevent bone 
overriding; 3-soft tissue connection between the tibia and fibula resisting relative motion 
between each other. The advantage of external coaptation for fracture management 
include minimising iatrogenic damage to the fracture site which decreases the risk of 
vascular compromise9,69. Furthermore,  without implants, the risk of infection is limited 
and complications attributable to implants such as soft tissue swelling, breakage, 
corrosion, thermal conductivity are eliminated 9,69. External coaptation is also considerably 
less expensive than surgery. Due to the requirement to provide domestic small animals 
with early weight bearing capabilities after surgery, combined with poor owner/animal 
compliance and limited stabilisation provided by external coaptation, osteosynthesis is 
often hampered. The disadvantages to external coaptation are multiple. External 
coaptation requires immobilization of the joint proximal and distal to the fracture which 
limits application to the distal limbs. Invariably, splints and casts are heavy and 
cumbersome for small animals such as cats. Prolonged immobilisation can result in severe 
disuse atrophy and fracture disease including delayed union, non-union or malunion9,69. 
Furthermore, external coaptation has been associated with increased morbidity due to 
cast sores. Several studies have shown that 80-83%33,76–78 of mature dogs that were 
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treated with external coaptation for antebrachial fractures had misalignment or non-
union. Phillips1 reported that 4/13 (31%) of radius and ulna fractures in cats treated with 
external coaptation had complications including 1 delayed union and 3 non-unions. 
Recently, a study by Meeson et al79 described 3/6 (50%) of cats developing cast-associated 
soft tissue injuries. This study however did not describe the location, method or reason for 
external coaptation in the cat population. Given the combination of a high cast associated 
injury rate, delayed/non-union rate of 31% and limited patient compliance, external 
coaptation can only be recommended in very few, select instances.  
b) Bone Plates 
The stability of a bone plate is dependent on the animal’s bone properties (density, age, 
metabolism), the degree of fracture load sharing, screw placement, material and geometry, 
plate-bone interface, screw-bone interface, plate placement relative to loading, and plate 
material and geometry (Figure V-5). Bone plates work by resisting axial loading, bending 
and torsional forces. Currently there are two broad categories of bone plates used in 
veterinary medicine, non-locking and locking plates. Non-locking plate-screw constructs 
have been a staple of orthopaedic repair for the past 50 years9,10,80. Non-locking bone 
plates rely on friction at the plate-screw interface which subsequently provides neutral 
fixation and/or compression at the plate-bone interface 9,10,20. Plates are available in many 
sizes and shapes, depending on their intended site of application and the strength 
required. The most commonly used sizes are 1.5/2.0, 2.4, 2.7 and 3.5 mm. The external 
screw diameter inclusive of the thread dictates the size of the plate. The plate length is 
determined by the number of screw holes. Brinker81 created guidelines in 1977 for 
selecting bone plate and screw size based on data from approximately 1000 cases where 
bone plates were used  and 300 cases where screws were used, both as the primary 
method of fixation These guidelines have been incorporated into recommendations for 
plate size applications in the radius and ulna of small animal from the AO institute20. The 
AO institute’s current recommendation for plate osteosynthesis of the antebrachium in 
animals up to 10kg is a 2.0 mm dynamic compression plate (DCP) however use of a 1.5 mm 
DCP is feasible in animals up to 8kg20,81. These implant size guidelines do not include newer 
plate designs such as locking plates and titanium alloys that may have different geometric, 
structural and hence biomechanical properties compared to the original DCP plates on 
which the guidelines were based. There are currently no objective biomechanical or clinical 
data available for 2.0 mm locking compression plates in the veterinary literature, however 
there are studies reporting the properties of the 2.0 mm DCP82 and LC-DCP83.  
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Figure V-5. Variables associated with stability of plating a fracture. Modified from Hipp et al 
from Brown (eds)84. 
  
 Composition 
Bone plates are commonly made from 316L stainless steel which is an alloy of iron (55-
60%), chromium (17-20%), nickel (10-14%), molybdenum (2-4%), and carbon (<0.03%). The 
chromium imparts scratch and corrosion resistance. The nickel provides a smooth and 
polished finish, whilst molybdenum gives greater hardness. Some styles of plates are also 
available in titanium or titanium alloys which have a theoretically superior fatigue 
resistance, however they are not as stiff or as strong as equivalent stainless steel plates68,82. 
 Application to Bone 
The method of bone plate application is important to the stability of a fracture. Bone plates 
are typically applied on the weakest surface of the bone, which is the considered tension 
surface. Traditionally there are three different functional applications of bone plates which 
include dynamic compression, neutralization and bridge plating.  
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(a) Dynamic compression  
A plate can only be applied in dynamic compression with the use of a tension device or 
eccentrically loaded screws placed in a dynamic compression hole9,10,20. Dynamic 
compression requires anatomic reconstruction of simple transverse or short oblique 
fractures. In these fracture configurations, dynamic compression of the fracture allows 
physiologic loads to be transferred through the diaphyseal cortices. This reduces the cyclic 
stresses and reliance on the plate and increases the stiffness of the construct9,10,20.  
 
(b) Neutralisation 
When a plate is applied to the diaphyseal bone in combination with a lag screw or screws, 
the plate is termed a neutralisation plate9,10,20. The addition of the plate protects the inter-
fragmentary compression achieved with the lag screw(s) from all rotational, bending, and 
shearing forces, thus neutralising the forces acting at the fracture9,10,20. In contrast to plates 
applied in compression, physiologic loads are mostly transferred through the plate and to a 
lesser extent by the reconstructed diaphyseal cortices. Neutralisation plates are more 
commonly applied to long oblique, spiral, or butterfly fractures which are amenable to 
anatomic reconstruction.  
 
(c) Bridging 
When bone cannot be reconstructed and load sharing between the major fracture ends is 
not possible due to comminution, a bridging plate is recommended. The aim of a bridging 
plate is to maintain bone length and alignment. This is achieved by securing the largest 
proximal and distal fragments, but this also means that no load sharing between the 
fragments occurs. Hence, the implant must bear the entire load on the bone until the callus 
bridges the gap and matures. This method of stabilisation is used as part of the principles of 
biological osteosynthesis. Bridging plates are typically applied using an “open but do not 
touch” or a minimally invasive approach to restore anatomic alignment through indirect 
reduction techniques without attempting diaphyseal reconstruction and inter-fragmentary 
compression28,85–89. Bridging plates are configured to have a high plate bridging ratio (plate-
to-bone length ratio), a low plate screw density (number of screws-to-number of plate 
holes ratio), and a low plate span ratio (plate-to-fracture length ratio)9,68,85,90,90,91. Typically 
the longest practical plate length is chosen, and these often span the entire bone and are 
affixed to the bone extremities (metaphyses or even epiphyses) with choice bone screws. 
Plate screw holes are frequently left unfilled. Depending on the screw configuration there 
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is a significant effect on construct stability90–93, which will be discussed in depth later. 
Nevertheless, bridging plates establish a semi-rigid construct capable of micromotion at the 
fracture site. Micromotion at the fracture site has been shown to promote early formation 
of callus and secondary bone healing94,95. In a large retrospective human study96 the use of 
longer bridging plates and limiting inter-fragmentary screws was the best predictor of good 
clinical outcomes. Over the 30 years of this study, reported non-union rates decreased 
from ~10% to ~4%, time to osseous union decreased from 20 to 13 weeks and revision 
surgery rates decreased from 43% to 13%96 with a shift towards biological osteosynthesis 
and bridging plating became common practice. 
Recently two prospective studies have reported the outcomes of long bone fractures in 
dogs and cats  treated with minimally invasive biological osteosynthesis techniques88,97. Six 
dogs and four cats were treated with minimally invasive techniques to place DCP or 
reconstruction tibial bridging plates88. Follow up radiographs were obtained every three 
weeks in only 7/10 animals (4 dogs, 3 cats) , although all fractures reportedly healed and 
8/10 animals (5 dogs, 3 cats) returned to normal function based on owner assessment. 
Time to fracture union was not reported. In a study of 28 dogs and 8 cats with non-articular 
tibial fractures treated with minimally invasively applied tibial bridging plates +/- IM pin, 
time to radiographic union was a mean 45 (SD +/- 20.8) days in the 30 animals available for 
follow up97. The lack of controls, inconsistent follow up protocols, limited objective 
outcome data and variable use of IM pins and plate sizes makes drawing a conclusion on 
the clinical benefit of biological osteosynthesis techniques difficult. Furthermore several 
retrospective case series in dogs87,89,98 have reported that bridging plates used to stabilise 
fractures in dogs and cats had significantly shorter surgery times and quicker time to 
radiographic bone union compared to animals that had anatomic reduction and rigid 
internal stabilisation. These studies have found no significant difference between the 
methods for complication rate, hospitalization times or limb alignment. Pozzi et al87 used a 
case controlled series matching age, fracture configuration and weight in  dogs with radius 
and ulna fractures treated with either minimally invasive or open techniques, and found 
that the minimally invasive group had  radiographic union in approximately half the time 
(30 days) as those that had open reduction. In all these retrospective comparative 
studies87,89,98  however, all animals that had open reduction and internal fixation did not 
have a bridging plate applied but rather anatomical reduction with interfragmentary 
compression,  which confounded the findings and weakens the evidence that biological 
osteosynthesis provides superior clinical outcomes. 
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 Non-Locking Plates 
Conventional (non-locking) plates and screws are versatile and reliable, and have been in 
use over the past half-century to excellent effect. The original AO guidelines for their use 
include direct fracture exposure, anatomic reduction, and rigid fixation20. Fracture gaps are 
minimized or eliminated in order to limit gap strain to 1% and achieve primary bone 
healing20. The AO techniques are indicated where callus and fracture gaps are not 
acceptable such as articular fractures. Anatomical reconstruction and rigid stabilisation 
requires extensive disruption of the soft tissue envelope, insults the biological environment 
and often requires longer surgery times. Potential consequences of this approach include 
infection, delayed union, non-union, and implant failure. In a large retrospective study by 
Rozbruch et al96 over several decades on conventional plate osteosynthesis in femoral 
diaphyseal fractures in people, extensive soft tissue dissection, disruption of the fracture 
hematoma, plate compression and inter-fragmentary implants (e.g. screws, cerclage wire) 
were shown to increase the risk of complications, suggesting that another method of 
fracture stabilisation was needed.  
 
The stability of non-locking screw-plate constructs in axial loading relies on friction 
generated between plate and bone99. When an animal weight bears, axial forces are 
converted to shear forces at the bone-plate interface, which are counteracted by friction. 
The frictional force is influenced by the coefficient of friction between plate and bone, and 
normal force generated by screw torque. The tightest screw (greatest normal force) 
experiences the greatest load. By increasing screw torque, up to a point, the construct 
strength can be increased100. If however, the axial load at the bone-plate interface exceeds 
friction, the strength of the construct depends on the screw’s resistance to shear or the 
ability of the bone surrounding the screw threads to resist compression. The ideal torque is 
somewhere in excess of 3 Nm and less than or equal to 5 Nm for 3.5-mm screws100. Shear 
force resistance can be increased by using screws with larger core diameters10,20,100. The 
ability of the non-locking plate to resist bending loads relates to the bending stiffness of the 
plate and the resistance of screws to axial pull-out i.e. the resistance of bone engaged by 
screw threads to shear forces10,20,68,100 . The axial orientation of the screw relative to the 
plate is not fixed, hence bending loads are converted to shear stress along the screw axis. 
By reconstructing bone anatomically, load sharing between plate and bone occurs, thereby 
reducing bending loads experienced by the plate. This is especially true when the plate is 
placed on the tension side of the bone. Non-locking implants can increase screw pull out 
resistance by increasing the bone-screw contact area, for example, by using cancellous 
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screws rather than cortical screws or increasing the size of the screw. The bone-screw 
interface remains the weakest point in the conventional plate-screw-bone construct due to 
the shear forces encountered100.  
 
The non-locking plates that have been reported in clinical cases of cat antebrachial 
fractures include veterinary cuttable plates4,70, dynamic compression plates4,23, limited 
contact dynamic compression plates70.  
 
(a) Dynamic Compression Plate (DCP) 
Non-locking bone plates, such as the DCP were introduced in the 1960s and remain a vital 
part of veterinary orthopaedics. The DCP was introduced in 196980 and incorporated a new 
hole design that allowed for axial compression by eccentric screw insertion. The screw hole 
is partially an inclined and angled cylinder, so when a screw head is inserted eccentrically, it 
slides down the inclined shoulder of the cylinder. As the screw is tightened, the bone 
fragment moves relative to the plate and compression of the fracture occurs. Displacement 
of up to 1.0 mm per hole in the 3.5 DCP 3.5 and up to 0.8 mm in the 2.7 DCP is theoretically 
achievable for the first screw20,80. If a second compression (i.e. eccentric) screw is placed, it 
must be placed before the first screw is tightened. It is possible to use either one or two 
screws placed in compression on either side of a fracture. The DCP screw hole allows a 25 
degree inclination of the screws in the longitudinal plane and up to 7 degree inclination in 
the transverse plane20,80. The DCP plates are still used frequently in both veterinary and 
human orthopaedics, however this is mostly a reflection of the cheaper cost of the implant 
compared to modern plates. 
 
(b) Limited Contact Dynamic Compression 
Plate (LC-DCP) 
The limited contact dynamic compression plate (LC-DCP) was introduced to address two 
issues associated with the DCP. The first issue with the DCP was that the screw holes acted 
as stress risers through which the implant failed101. In order to eliminate this effect, it was 
essential in DCP plates to fill all the screw holes where possible. The second issue needed 
to be addressed was that the DCP, when applied to the bone in compression, could cause 
disturbance to the periosteal blood supply and hinder osteosynthesis.  The LC-DCP was 
designed with a scalloped under surface that is applied to the bone. These scallops 
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decreased the area moment of inertia of the solid section of the plate, thus eliminating 
stress concentration at the screw hole by evenly distributing the stiffness along the 
implant. These changes facilitated LC-DCP use as bridging and buttress plates and allowed 
for plating with empty screw holes. This also had the secondary effect of making contouring 
easier, and minimizing the tendency to kink at the holes when bent. As a result of the 
redesign, the capillary network of the periosteum under the plate is spared, and cortical 
perfusion maintained20,101,102. The screw holes of the LC-DCP were also redesigned with a 
slope at either end which allowed the screw head to slide at both ends. Thus, with proper 
placement of the screw, compression is achievable from either end of the hole at any level 
along the plate. Screw holes were adjusted to be evenly distributed over the entire length 
of the plate as there is no solid central section as found in the DCP. Thus in complex 
situations such as segmental fractures or cortical allografts, compression can be achieved 
at multiple locations. The screws in the LC-DCP can be inclined laterally to a maximum of 7 
degrees and in a longitudinal direction up to 40 degrees which is more than with the 
DCP20,101. 
 
 Locking Plates 
Although some of the LC-DCP plate scalloping design features were kept, locking implants 
are otherwise different to conventional DCPs and screws in their design, application and 
biomechanics. Locking implants, are also known as fixed-angle implants that were 
developed to overcome some of the limitations of conventional DCP and LC-DCP plates and 
screws.  
One of the main incentives for the development of locking implants was the shift away 
from anatomic fracture reconstruction and rigid stabilisation towards biological 
osteosynthesis. These principles emphasize functional alignment, relative fracture stability, 
and promotion of an optimal biologic environment for osteosynthesis.  
 
Locking implants do not rely on the bone-plate interface, nor on friction or compression for 
construct stability. This obviates the need for anatomic plate contouring which 
consequently avoids the need to disturb the fracture haematoma and allows for minimally 
invasive plate osteosynthesis28,85,86,88. The limited or absent plate-bone contact reduces or 
avoids damaging the periosteum and preserves the extraosseous blood supply32,103. 
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Locking plates are generically, those that incorporate fixed-angle screws or bolts20,68. Fixed-
angle stability in small animal orthopaedics has been accomplished using difference 
strategies and implant design. The locking compression plate (Figure V-6) (LCP; Synthes, 
Paoli, PA) is one of the more commonly used locking plate systems. It is unique as it 
combines features of locking technology while accommodating conventional plating 
techniques and screws. This design feature in the LCP is called a Combi hole. The Combi 
hole incorporates a dynamic compression unit at one end of the hole, and at the other end 
is a conical double-start thread that engages a complimentary thread machined into the 
head of the screw. The dynamic compression end of the hole allows standard cortical 
screws to be placed either in compression or neutral and maintains the same range of 
transverse and longitudinal screw angulation as the LC-DCP20,68. The limitation of the LCP’s 
Combi hole is that the compression at any given hole can be achieved only in one direction 
in contrast to the LC-DCP.  
 
Figure V-6 - Three-dimensional render of a 10 hole 2.0 mm Synthes LCP 
 
The screws used for the LCP system  have a larger core diameter20,68 relative to the same 
diameter DCP cortical screw which increases the bending stiffness of the screw by 
increasing the screw’s area moment of inertia. Consequently, locking screws have a thinner 
thread compared to their equivalent cortical screw. Thinner threads on locking screws has 
little impact on overall construct strength, as axial screw pull-out is an uncommon failure 
mode of locking implants. The LCP screws have a StarDrive (Torque) head rather than a 
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hexagonal head that facilitates application with 65% more torque when applied104. The 
manufacturer (Synthes®) recommended insertion torque for 2.0mm locking screws is 
0.4Nm to reduce screw head stripping and the potential of cold welding of the screw head 
to the plate104. A 0.4Nm torque limiter is available and can be applied to a drill in surgery.  
In a mechanical study of plates and screws, inserting 3.5mm locking screws with a StarDrive 
(Torque) head into the LCP at torques (2.5-3.5Nm) greater than the 1.5Nm recommended 
by the manufacturer increases push-out strength105, stiffness and failure loads of the 
construct significantly106. These findings suggest that in that model, cold welding and 
locking screw head stripping was uncommon with higher torque and the higher torque 
improved the biomechanical properties of the screw-head plate interface. A prospective 
study in an in vitro polyurethane foam bone model107 found that the torque required to 
hand tighten a 3.5mm self-tapping cortical screw to two-fingers- tight is 0.247Nm whereas 
0.322 Nm was required to strip traditional hexagonal screw heads. Although this study was 
performed using larger cortical screws with traditional hexagonal heads, these findings 
suggest that care should be taken when applying screws by hand and that two finger tight 
may be close to the recommended insertion torque for 2.0mm diameter screws.  
In order to ensure that locking screws engage LCP screw-hole threads, the locking screws 
must be inserted perpendicular to the plate. This is achieved by using a locking drill guide 
which screws into the plate and places the drill hole and screw so that the screw head 
threads lock into the plate. This fixed angle can be a draw-back in situations such as juxta-
articular fractures, because the drill hole and screw cannot be angled. The only options in 
such a situation are to either use a monocortical locking screw or a non-locking cortical 
screw angled away from the joint.  
(a) Biomechanics of Fixed-Angle Implants 
In contrast to anatomic reconstructive techniques, biological osteosynthesis techniques 
often deal with larger fracture gaps. These fracture gaps require implants capable of 
spanning their length whilst avoiding the fracture haematoma68,85,86. The biomechanical 
objective of biological synthesis using locking implants is to achieve relative stability and 
secondary bone healing. Biological osteosynthesis is preferred where anatomic 
reconstruction is not necessary for good functional outcome and in comminuted or 
segmental fractures.  
Locking implants have angle-stable screws which have a significantly increased resistance 
to pull-out, translating to fewer screws being  required to achieve adequate stabilisation of 
the fracture compared to conventional plate systems108. When using locking implants, 
38 
 
fewer screws are required and plate contouring is unnecessary which theoretically reduces 
surgery time, morbidity and cost. These advantages are thought to have a flow on effect 
which translates to decreased time to healing, improved clinical outcomes, early return to 
function and decreased infection rates, however the few retrospective case series in 
veterinary medicine on the clinical performance of locking plates is currently limited, 
making the proposed benefits difficult to support22,109–111. Furthermore, there is a wide 
variation in these reports in their follow up, and what constitutes a successful or 
unsuccessful outcome. 
Because the locked screws have a fixed axial orientation of the screw to the plate, creating 
a single-beam construct100,112, locking constructs have similar biomechanics to external 
fixators and are sometimes referred to as internal fixators. Locking screws are subjected to 
cantilever bending, however in contrast to an external fixator connecting bar, the plate is 
close to the bone which provides increased mechanical advantage. Due to the angular 
stability of the locking construct, the shear stress created during axial loading or bending is 
converted to compressive stress at the screw-bone interface 113. The properties of cortical 
bone allow it to resist compressive loads better than shear loads, hence locking implant 
failure is unlikely to be due to screw loosening, but failure of large areas of bone in 
compression rather than failure by screw pull-out100,114. Locking implants have a distinct 
advantage when used in poor quality bone because there is decreased dependence on 
screw pull-out strength to provide construct stability. A weak point in the locking plate 
construct is the screw-plate interface. As forces are transmitted from the strong plate to 
the relatively weaker screw, a distinct stress riser exists105,106. This interface is theoretically 
subject to higher stresses and fatigue failure however no research has validated this. 
As a single beam construct, bending loads are distributed more evenly across all screws 
which avoids stress concentration at a single screw-bone interface99,100,114, hence the 
stability of the locked plate construct depends greatly on the material properties of the 
plate itself 100,114. The biomechanical behaviour of the plate is especially vital when used as 
a bridging plate where load sharing is absent (Figure V-7). 
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Figure V-7. Compressing the plate (A) to the bone in an anatomically reconstructed fracture 
allows for load sharing between the plate and the fracture ends. In contrast, a locking plate 
(B) takes all the load across a comminuted fracture. Modified from Wagner and Frigg in 
Browner (ed)84. 
There are several human115–119 and veterinary studies91,120–123 that compare relative 
performance of locking and non-locking implants. These studies have almost consistently 
reported locking constructs having higher failure loads 115,116,119–121 compared to non-locking 
constructs. Other studies have failed to find consistent superiority of locking over non-
locking constructs when testing bending121–123, fatigue91,121,122,124 or torsion123,125 testing. 
Due to variability in study design, plates and testing methodology, it is difficult to compare 
results between studies directly. 
(b) Locking Plate Recommendations 
The previous AO guidelines20 for the number of screws or cortices per fracture fragment 
are not applicable to locking implants, particularly when using bridging plates. There is an 
important relationship between where screws are placed and how long a plate is, on the 
way locking screws are loaded. When a longer plate is used, screw pull-out force is reduced 
by improving the working leverage for the screws90. When using an LCP with locked screws, 
the forces a screw encounters is mostly bending and not pull-out. Forces are shared 
between all locked screws at the same time, thus reducing the strain on any one screw90. 
The working length of a locking plate should be kept as long as possible to reduce loads and 
fatigue on the screws. In order to decrease plate strain, plastic deformation and the risk of 
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plate failure, guidelines are available for locking plates in people90,108. Whether these 
empirical recommendations hold true in animals is unknown. Veterinarians often 
encounter poor owner/animal compliance after surgery, as animals often weight-bear and 
test the limits of their implants once immediate post-operative pain resides and function 
improves. Thus, in veterinary medicine, it may be more prudent to manipulate locking 
implant constructs to provide the greatest stiffness and strength. In at risk animals, 
additional stabilisation of the antebrachium may be required. Construct stiffness can be 
manipulated by plate material126, plate size82,83,97, altering the plate working length92, 
changing plate orientation to load or adding an IM pin26,27,91,93,127,128. 
(c) Plate length recommendations 
The ideal length of a locking plate is based on two values known as the plate span width 
and the plate screw density96. The plate span width is defined as the plate length divided by 
the overall fracture length. The recommended plate span in comminuted fractures is 2-
390,96,100,114. The second determinant of plate length is the plate screw density, which is the 
number of screws applied divided by the number of plate holes. Gautier 90 recommends a 
plate screw density of less than 0.5 to 0.4 as this may limit the bending moments 
experienced at the most proximal and distal screws. These plate length recommendations 
however have not been validated. The previous AO guidelines20 regarding the number of 
screws or cortices per fracture fragment are less reliable when applied to locking implants, 
particularly when using bridging plates. There is an important relationship between where 
screws are placed and how long a plate is on the way locking screws are loaded. When a 
longer plate is used, screw pull-out force is reduced by improving the working leverage for 
the screws90. When using an LCP with locked screws, the forces a screw encounters are 
mostly bending and not pull-out. Forces are shared between all locked screws at the same 
time, thus reducing the strain on any one screw90. The working length of a locking plate 
should thus be kept at large as possible to reduce loads and fatigue on the screws. 
 
(d) Plate working length 
The distance between the first two screws on each side of the fracture site is known as the 
plate working length. There is an intimate relationship between the plate working length 
and its biomechanical behaviour92,128. When a plate is bent over a short segment, a large 
strain is placed on the plate which may predispose it to premature failure. This can be 
overcome by bending the plate over a longer segment using a longer plate with choice 
screw position which alters the plate working length.  Clinical guidelines suggest that when 
load sharing is possible at a fracture and compression can be achieved, two screws should 
41 
 
be inserted as close as possible to the fracture with the peripheral screws inserted at each 
plate end in order to reduce plate strain90. When load sharing is not possible, the fracture 
adjacent screws can be set further apart to obtain a span of 2 to 3 open screw holes over 
the fracture site to lower elastic deformation of the plate, limit stress concentration at the 
adjacent screw-bone interfaces90,129,130, and promote micromotion and callus formation90.  
 
In an in vitro synthetic bone fracture gap model using 4.5 mm titanium 8 and 12-hole LCPs, 
Stoffel et al92 used different monocortical screw configurations to alter the plate working 
length. The authors found that the working length of the plate had the most important 
significant effect on construct stability. These findings were corroborated by a recent 
veterinary in vitro fracture gap model study which found that decreasing the working 
length of a 3.5 mm LCP significantly increased construct stiffness in axial compression and 
four-point bending128. Stoffel found that without a screw adjacent to the fracture (i.e. 
longer plate working length), the constructs were less stiff in both compression (by about 
60%) and torsion (by about 30%). The addition of a third screw on either side of the 
fracture significantly influenced axial stiffness when modelling the shortest working 
length92. The closer the additional screw to the fracture site, the stiffer the construct’s axial 
compression. Having more than three screws on each side of the fracture when modelling a 
short working distance, did little to increase the axial stiffness of the system, which is also 
reported in non-locking systems129,131. Torsional rigidity, was unaffected by the position of 
the third screw. In non-locking plates with the same working length, widely spaced screws 
increased the stiffness of the constructs132,133. However, in Stoffel’s study,  locking plate 
axial load stiffness decreased when additional screw were added towards the plate ends92, 
which effectively increased the working length of the plate. Stoffel did find however, that 
torsional stiffness increased significantly with additional screws per fragment up to a 
maximum of four before no additional benefit was seen92. Stoffel’s findings suggest that for 
comminuted fractures, a minimum of three screws (monocortical) on either side of the 
fragment is required. Two of the three screws should be placed as close as possible to the 
fracture site whilst maintaining open plate-hole span over the fracture. In clinical situations 
however, the far-near-near-far screw configuration recommended requires opening the 
fracture soft tissue envelope to place the fracture adjacent screws, which requires an ‘open 
but do not touch’ approach to biological osteosynthesis. Stoffel suggests in fractures of the 
humerus and the forearm in people, where torsional loads are high, three to four 
monocortical screws in each main fragment should be used. This is because torsional 
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stiffness is more dependent on the number of cortices engaged in the construct than axial 
stiffness.  
 
Monocortical screw purchase is considered preferential in people with healthy bone stock, 
because in normal bone, bicortical screws do not improve screw fatigue failure or axial 
loading, although they do improve torsional stability by increasing the  working length of 
the screw90,114,134. This finding has been corroborated in the veterinary literature135,136. The 
working length of a screw is relative to the amount of cortical bone that it engages. 
Bicortical screws therefore have the longest working lengths because they must engage 
two cortices90.  In osteoporotic bone, two bicortical screws per main fracture fragment has 
been recommended as a minimum90,114. In an in vitro human radial synthetic bone fracture-
gap model by Roberts et al134, four different screw purchase (mono or bicortical) 
combinations were used with the same working length in an LCP. The screw configurations 
compared were 3 non-locking bicortical screws, 3 monocortical locking screws, 1 bicortical 
locked screw at plate ends with 2 monocortical locking screws fracture adjacent, and 1 
bicortical non-locking screw at the plate ends with 2 monocortical locking screws fracture 
adjacent. The constructs were tested in four-point bending and torsion. The results of the 
study showed that in each main fragment, the addition of a bicortical locking screw at the 
end of a locking plate with two monocortical screws adjacent to the fracture site increased 
torsional stiffness 57.6% and bending stiffness 42.9%. This study however did not model 
bicortical locking screws adjacent to the fracture gap, and further studies are needed to 
determine whether there is any biomechanical difference between bicortical and 
monocortical screws using Stoffel’s model. Whether it is the actual number of cortices 
engaged, the placement of the screw or a combination thereof that is most vital to 
construct stiffness, stress and fatigue remains unclear.  
 
Longer plate working length is theoretically supposed to reduce the stress in the plate 
enabling the bending deformations to be distributed more evenly. However, finite element 
analysis in silico by Stoffel et al92 of fracture-gap modelling for an 8 and 12 hole 3.5 mm LCP 
with variable working length found that longer plate working lengths increased the stress 
concentration in the plate over the fracture gap. This is in contrast to several other 
studies137–139. Chao et al137 found that fatigue cycling using longer working lengths in a 
2.4mm locking plate did not differ significantly from those with a shorter working length in 
a cadaveric dog fracture-gap model. Chao’s study was however limited since all implants 
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were contoured to the bone and only the second most proximal and distal screws were 
bicortical locking screws whilst the rest were bicortical non-locking screws. The contouring 
of the plate, contact of the bone to the plate and the hybridisation of the screws restricts 
the interpretation of Chao’s data, since the plate behaved as a conventional plate 
biomechanically. Hoffmeier et al138 performed a similar study to Chao using locking 
implants, and found that again, working length had no significant effect on steel plate 
fatigue. However, the screw configuration used in Hoffmeier’s study and the plate length 
were different from Stoffel and Chao, making comparison difficult as plate length and 
screw configuration have a significant effect on the stresses and fatigue of the construct. 
Furthermore, Hoffmeier and Chao’s studies did not measure plate strain. Chen et al139 
performed finite element analysis on locking constructs with various working lengths and 
found that longer plate working lengths had a longer fatigue life and decreased plate 
stresses. Chen’s study supports the hypothesis that longer working lengths decrease plate 
fatigue and stress, however similarly to Hoffmeier138 and Chao137, Chen’s study failed to 
replicate the screw configurations and plate lengths used by Stoffel92 which makes direct 
comparison between findings impossible. The correct working length for locking constructs 
and what constitutes enough stiffness or flexibility in a clinical situation remains unknown.  
(e) Bone-implant Distance 
In locking implants, the distance between the plate and the bone is set once the screw 
heads engage and lock into the plate. The distance between the plate and the bone is 
sometimes known as the bone-implant or clearance distance. Increasing the bone-implant 
distance changes the neutral axis of the construct and increases the screw lever arm which 
can drastically decrease stability and cyclic failure140. Ahmad140 et al compared a contoured 
bicortical 4.5 mm stainless steel DCP, LCP with 0, 2 and 5mm bone-plate distance in a 
synthetic fracture gap model of human  bone and found that the LCP with 0 and 2mm 
bone-implant were biomechanically similar to a contoured DCP when cyclically tested in 
axial compression and torque. The same study showed that increasing the bone-implant 
distance to more than 2mm significantly decreased the axial stiffness, torsional rigidity and 
load to failure. Stoffel et al92  found that in a monocortical screw model, increasing the 
bone-implant distance from 2 to 6mm reduced axial stiffness and torsional rigidity by 10-
15%. Based on these studies, the current recommendation is to limit the bone-implant 
distance to less than 2mm92,140, however the effect of bone-implant distance on in vivo 
biomechanics and fracture healing is unknown. 
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c) Intramedullary Pinning 
Intramedullary pins used in veterinary medicine are typically made from 316L stainless 
steel with a sharpened trochar point. Pin sizes range from 0.6 mm to 6.4 mm. Pin stiffness 
in bending is related to its area moment of inertia, which is dependent on the radius to the 
fourth power9,10,20,68, that is the diameter of the pin.  Hence, small increases in pin diameter 
greatly improve bending stiffness. Intramedullary pins are inserted into the medulla of a 
bone using either a hand chuck or power driver. Pins are inserted either normograde from 
the end of a bone across the fracture gap or retrograde from the fracture gap towards the 
end of the bone, which then requires sequential normograde insertion. Pins can be 
inserted through minimally invasive approaches, and are often used to re-establish bone 
length when fracture ends are over-ridden28,97,141,142. The stability of the pin within the bone 
relies upon friction between the pin and metaphyseal cancellous bone9,68.  Since the pin is 
within the medullary canal, it is close to the neutral axis of the bone, and less likely to 
experience bending forces during axial compression. Pins are effective in resisting bending 
forces, but fail to stabilise the bone against all other forces in vivo. For this reason, an IM 
pin is invariably combined with another implant, either in the same bone, or in an adjacent 
bone using DBF. Although  IM pins are frequently used to stabilise long bone fractures of 
the femur, tibia and humerus they are less commonly used in the antebrachium4,143–148.  
Use of intramedullary pins alone have been described in the ulna9,21,149, however this is 
usually in combination with radial plating, as both bones usually fracture at the same time. 
Intramedullary pinning of the radius is considered to be contraindicated for use in small 
animals due to inevitable damage to the radiocarpal and radiohumeral joints during 
placement and compromise of the limited medullary vascular supply9,21,76,149,150. There are 
currently no reports of normal reference ranges for internal diameters of the radius and 
ulna in cats. 
 
If placed on its own, a pin size of approximately 70% of the internal diameter is 
recommended9,21,149, although this recommendation is arbitrary, yet well-accepted in small 
animal orthopaedics9,21,149. It is based on the premise that a 70% pin strikes a balance 
between fracture stability (due to increased pin stiffness) and iatrogenic damage to the 
endosteum and medullary vasculature. When a secondary implant such as a bone plate is 
applied to the same bone, forming a plate-rod construct, it has been recommended based 
on biomechanical cyclic fatigue and strain studies, that an intramedullary pin of 35-40% is 
45 
 
used26,27,151. Pins are usually left in place life long, however they may be removed if 
complications arise. Although considered rare, the most common complications that occur 
after intramedullary pin placement include implant failure, migration, soft tissue irritation 
and infection4,28,151.  
 Plate - Rod 
An intramedullary (IM) pin can be applied to the centre of the bone in combination with an 
eccentrically placed bridging plate which increases construct stability by limiting bending.  
One of the limitations when creating a plate-rod construct is the potential for pin 
interference with screws. This can be overcome by either angling screws away from the 
pin, using monocortical screws, using a smaller pin or using a pin made from a drillable 
material152. Each of these options has its own significant detraction. Assuming an LCP is 
used, locking screws can only be locked into the plate when inserted at 90 degrees, which 
means that in order to angle the screws a cortical screw must be used. For a cortical screw 
to be used, the plate must be compressed and contoured to the bone, which negates the 
benefits of using a locking implant and potentially compromises construct stability. 
Monocortical screws are not a feasible option in conventional plate-rod constructs due to 
the risk of screw back out whilst smaller pins sacrifice construct stability and resilience as 
discussed shortly. Drillable pins such as poly-ether-ether-ketone (PEEK) are a novel and 
useful work around, but are limited in their size and availability153. The addition of an 
intramedullary pin (50% of the internal diameter of the medulla) has been shown to reduce 
bridging dynamic compression plate strain by half and increase fatigue life in cadaveric 
canine femora by 10 fold26. The limitation of a 50% pin is that screw interference with the 
pin can occur and limit overall bone purchase and construct stability. When comparing the 
effect of three different pin sizes (30,40 and 50% of the medulla) on the strain, fatigue life 
and stiffness of bridging dynamic compression plate constructs compared to plate alone in 
canine cadavers, Hulse found that the addition of an IM pin significantly increased the 
fatigue life, decreased plate strain and increased the stiffness of the constructs27. As IM pin 
size increased, so too did the stiffness of the constructs, which is a function of the area 
moment of inertia of the pin, which increases to the fourth power with increasing radius. 
Hulse recommended that an IM pin occupy 35-40% of the medulla  when combined with a 
bridging plate, as it afforded a 40% increase in stiffness over plate alone and infinite cyclic 
fatigue with loads <1500N in their model. The authors concluded that the 35-40% internal 
diameter IM pin was ‘small enough to decrease the chance of screw interference and not 
‘too stiff’’ compared to larger pins, although this was not an outcome measure of the study 
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but rather opinion. A recent in vitro study used a Delrin plastic fracture gap model 
stabilised with a 3.5mm LCP with a combination of monocortical locking screw 
configuration and intramedullary pin sizes to determine the effect of plate working length 
and pin size on fracture biomechanics in bending and axial compression128. The results of 
that study showed that the addition of a 30% internal diameter IM pin to the construct, 
irrespective of plate working length (i.e. screw configuration) increased axial and bending 
stiffness. In a retrospective case series of 35 dogs and 12 cats treated for long bone 
diaphyseal fractures using plate-rod constructs, 98%  (46/47) of animals achieved clinical 
union based on phone call follow up with owners and veterinarians, however radiographic 
union was reported in only 20/26 dogs and 5/5 cats eight weeks postoperative151.  The 
majority of complications reported were considered minor, and resolved with removal of 
the pin.  Despite the authors recommending smaller pin use in their previous 
biomechanical studies26,27, the mean size of the IM pins used in their retrospective case 
series was 52.2% in dogs and 54.1% in cats. These studies by Hulse et al26,27,151 have 
concluded that there is a significant biomechanical advantages with the addition of 
intramedullary pin to a bone stabilised by a plate, however there are no studies on the 
biomechanical effect of dual bone fixation. In the antebrachium, a large (e.g. >50% 
diameter) intramedullary pin in the ulna potentially avoids the traditional limitations of 
plate-rod constructs entirely whilst supplementing the stability of the radial fixation. 
Pinning of the ulna in combination with plating of the radius is considered an acceptable 
technique for fracture of the radius and ulna4,20,21,26–28. Several authors have suggested that 
dual bone fixation using a radial plate and ulnar pin may reduce radial plate strain and 
decrease revision rates in clinical situations4,28, however whether there is any 
biomechanical benefit to dual bone fixation in the antebrachium remains unknown.  
 
(a) Locking Plate-Rod 
Locking plate-pin constructs have similar indications, limitations and biomechanical 
characteristics to those of conventional non-locking plate-rod fixation as previously 
described, however locking plates facilitate the use of monocortical screws, which 
decreases the chance of pin interference without compromising construct stability91. All of 
the locking plate-pin studies have been reportedly applied to a single bone91,152. In a canine 
cadaveric femoral fracture gap model, semi-contoured 11 hole 3.5 mm monocortical 
locking plate-pin constructs were compared to contoured LC-DCPs plate-pin constructs 
under increasing cyclic fatigue loads prior to axial compression load to failure91. The pin size 
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used in that study represented 40% of the internal diameter of the bone. The authors of 
the study found no significant differences between the constructs in any test suggesting 
that both locking and non-locking plate-pin constructs were similar. Although all constructs 
in Goh’s study91 had the same plate working lengths, the LC-DCP group had bicortical 
screws at either end of the plate, which has been shown to increase axial compression 
stiffness in a human saw bone model134 and may have confounded results. Furthermore, a 
3 mm bone-implant distance was used in the locking group which may have decreased the 
stability of the construct, as it has previously been demonstrated that a bone-implant 
distance greater than 2 mm decreases axial stiffness, torsional rigidity and load to 
failure92,140. Recently, a canine cadaveric tibial fracture gap model152 compared the 
biomechanical properties of locking plate-pin construct to a novel locking plate-PEEK pin 
construct in torsion, axial compression, four-point bending and axial load to failure. The 
PEEK rods used in that study were drillable which obviates many of the limitations of plate-
rod constructs that were described earlier. In that study, all 10 hole 3.5 mm LCPs were 
affixed to the tibiae with two locking bicortical screws per fragment in a far-near-near far 
configuration with a standardized bone-plate distance of 1 mm. The plate working lengths 
across the fracture gap were kept consistent between groups. Tibiae were implanted with 
either a 2.4 mm stainless steel intramedullary pin (representing 30-40% of the internal 
bone diameter) or a 6 mm drillable PEEK rod (representing 80% of the internal bone 
diameter). The results of that study found that the locking plate-PEEK constructs were 
significantly stiffer compared to the plate-pin constructs in axial compression, lateromedial 
four point bending and torsion. The plate-PEEK constructs also failed at a significantly 
higher loads (mean 1202 N, 95% CI 1046-1358 N) than the plate-pin constructs (mean 361 
N, 95% CI 334-387 N). Although Beierer’s study methodology was rather different to Goh’s, 
Goh’s monocortical locking plate-pin constructs yielded at far greater mean loads of 1,493 
N compared to Beierer’s locking plate-pin. Although the studies cannot be directly 
compared, this finding is most likely a reflection of screw configurations used, and 
demonstrates the utility of careful screw placement and adequacy of monocortical screw 
stability in locking plates.   
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C. Dual Bone Fixation 
Dual bone fixation (DBF) describes stabilization of adjacent bones.  Placing an IM pin in the 
ulna avoids pin interference with a radial plate4,28. This technique should not be confused 
with plate-rod application which is performed in a single bone such as the humerus, femur 
or tibia, although use in the pelvis has also been described26,27,91,127,151,152,154. There is 
currently no objective biomechanical data supporting the need for stabilisation of the ulna 
in conjunction with the radius in antebrachial fractures.  However, in a retrospective study 
of antebrachial fractures in 26 cats, there was a reduction in surgical revision rate from 
5/18 to 1/8 when there was DBF of the radius and ulna4. In that study, 16/26 fractures 
occurred in the mid-diaphysis secondary to vehicular trauma which is similar to previous 
reports1. There was no effect of fracture location within the antebrachium on outcome.  In 
the cats that had DBF, the most common method of stabilisation was a radial plate and 
ulnar pin (4/8). In the remaining four cats undergoing DBF, one cat had both bones plated, 
two cats had a radial type Ia external skeletal fixator (ESF) with an ulnar pin, and one cat 
had a free form acrylic ESF. The only cat with DBF that had a major complications had 
presented initially for revision surgery for a mid-diaphyseal fracture which was originally 
repaired with a type Ia ESF. Non-union was diagnosed 63 days postoperative to DBF and 
the clients elected for limb amputation. Minor complications observed in three cats 
undergoing DBF included ulnar pin breakage, soft tissue inflammation and delayed union, 
and are similar to those described in other DBF studies28. There was no statistical difference 
between cases requiring revision surgery with single or dual bone fixation, however this 
may be a reflection of the limited numbers of cases, lack of controls and retrospective 
nature of the study. Witsberger et al28 performed a retrospective study on antebrachial 
fracture stabilisation in eight dogs using minimally invasive plate osteosynthesis of the 
radius and ulnar retrograde pinning, and found that all dogs healed by the end of the study 
period (52 weeks), with a median of 10.5 weeks (range 4-52 weeks). Complications noted in 
that study were limited to osteomyelitis in one dog, and soft tissue irritation and seroma 
formation due to ulnar pin protrusion at the olecranon. In both the 26 cats, and the eight 
dogs studied4,28, no radial implant failure occurred when an ulnar pin or plate was 
combined with a radial plate, although in each case series one ulnar pin breakage was 
reported. Although there may be some clinical benefit to DBF, whether there is any 
biomechanical advantage from DBF remains unclear, and no biomechanical studies have 
been performed to investigate this question.  
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1. Recommendations for People 
There is controversy as to whether both the fractured radius and ulna should be stabilised 
in people18,19. Several studies in people18,155,156 have suggested that single bone fixation is 
safe and effective in non-displaced and stable radius/ulna fractures, especially in young 
people. The radius is recommended as the preferential bone to stabilise18,155, however 
some authors suggest that ulnar stabilisation alone is adequate in select cases156,157. Other 
studies19,158,159 have suggested that single bone fixation may increase the risk of 
complications including delayed healing, loss of range of motion and re-
fracture/displacement. In contrast to animals, young people often have intramedullary 
stabilisation of the radius157–159 due to its relative success, ease of application and removal, 
minimal invasiveness, decreased costs and shorter operative times. Cats, like people, must 
maintain their antebrachial range of motion to be able to perform everyday functions such 
as grooming, climbing and hunting. In people, restoration of normal radial alignment160,161 
and maintenance of the interosseous membrane41–43,162 help maintain forearm range of 
motion. Several studies18,156,157 have shown that stabilisation of a single bone in young 
people can lead to loss of range of motion whereas others155 have shown no detrimental 
effect, irrespective of method of stabilisation or bone18. In a human cadaveric antebrachial 
fracture model, Rupasinghe et al161 found that longer, uncontoured, proximal radial plates 
reduced forearm range of motion between 10.8-21.7°  when the plate size went from 6 to 
8 holes. In contrast, distal radial and all ulnar plates had no effect on forearm range of 
motion. In vivo, long plates are required in clinical cases when applied in a minimally 
invasive manner in order to bridge the fracture gap and reduce strain on the construct. 
There appears to be less controversy in adults, where dual bone fixation is considered the 
standard of care163–165. Fixation includes IM pins166, hybrid fixation165 and dual plating163,164 
as routine methods for the radius and ulna in adults. Dual plating was compared to ulnar 
IM pin and radial plate constructs (hybrid) by Behnke165 and no difference was found in 
range of motion, time to union and complications, suggesting that both methods gave 
suitable clinical outcomes. These findings compare favourably to the retrospective study by 
Wallace et al4 on feline antebrachial fractures treated dual bone fixation. 
D. Post-operative Complications  
Complications that may occur in antebrachial fractures vary with the method of 
stabilisation employed. External coaptation carries a high risk of soft tissue injury, delayed 
union, non-union and malunion1,79. Intramedullary pinning has been associated with 
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complications ranging from implant breakage and osteomyelitis28, to pin migration and soft 
tissue irritation4,9,28,149. Intramedullary pin complications are often considered minor 
considering that they are never the sole method of antebrachial stabilisation. The most 
common complications associated with bone plates include implant failure and loss of 
reduction, bone re-fracture, infection and compromised or inappropriate healing3,4,22,23,76. 
Inappropriate fracture healing after surgical repair can be categorised as delayed unions, 
non-unions and mal-unions. Delayed unions are defined as “delayed when compared with a 
similar fracture that heals in an uncomplicated way, in a similar patient, treated with a 
similar technique”20. The reasons for development of delayed unions are numerous and 
often combine biological and mechanical causes.  
 
1. Delayed Unions 
The biologic causes for delayed union include but are not limited to infection, concurrent 
morbidities or other systemic diseases, limited soft tissue coverage, devascularisation and 
infarction of the bone. Biologic factors can interfere with elution of essential cytokines and 
growth factors such as bone morphogenic protein which drive cellular proliferation and 
stem cell differentiation from the cambium layer of the periosteum at the fracture 
site10,20,68. Cytokines and growth factors are time-sensitive, and if the biologic environment 
at the fracture is poor, then their efficacy is muted and healing is delayed. There is limited 
soft tissue coverage to the radius and ulna in the cat which might normally provide 
collateral circulation and neoangeogenesis to the periosteum and fracture site. Although 
the nutrient arteries to the radius and ulna have been described in cats and small breed 
dogs34,36,37,39,45,46, there is no information to suggest that the  periosteal and intraosseous 
blood supply in the cat is limited as for small breed dogs32,33. The mechanical causes of 
delayed union are most commonly instability at the fracture site (which causes increased 
inter-fragmentary strain) and excessively large fracture gaps10,20,68,167. If strain at the 
fracture exceeds tissue tolerance then osteogenesis will not proceed between the fracture 
ends. During bone healing, the tissue present in the fracture gap is initially haematoma 
which eventually becomes granulation tissue. Granulation tissue has a strain tolerance of 
100%10,68,167, however as this tissue progresses to become fibrocartilage (callus), its strain 
tolerance decrease to 15% and bending tolerance to 5°. For fibrocartilage to become bone, 
inter-fragmentary bending has to be less than 0.5° and strain must be less than 2%10,68,167. It 
is important that implants used in antebrachial fractures provide adequate stabilization at 
the fracture gap in order to limit excessive inter-fragmentary strain and bending.  It has 
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been proposed that antebrachial fractures in cats have a high surgical revision rate due to 
mechanical instability and high interosseous strain between the radius and ulna when only 
the radius is stabilised4. Wallace et al have suggested that this is due to cat’s high degree of 
antebrachial dexterity and loss of axial stability provided by a severed interosseous 
membrane allowing increased relative motion between the two bones4, however this has 
not been proven. In general, larger fracture gaps require longer healing times than smaller 
gaps due to the demand for new bone formation and the requirement for a larger cellular 
response. In large fracture gaps it is essential to have an appropriate mechanical, and a 
healthy biological environment which can be augmented with bone graft or graft 
substitute.  
 
2. Non-Unions 
If the biologic and/or mechanical requirements at the fracture site are not met, then 
delayed union will often progress to non-union10,68,167. A non-union fracture is one that fails 
to progress to osseous union regardless of time. If the biologic environment of the fracture 
is adequate and some healing has occurred, then the non-union is considered viable. A 
viable non-union is classified according to the level of callus present. These levels of callus 
are termed hypertrophic, moderately hypertrophic, or oligotrophic10,68,167. 
 
In a large retrospective study of appendicular non-unions in cats by Nolte et al3, radius and 
ulna fractures made up 55 (13.8%) of all 334 fractures surgically treated. Of those treated 
radius and ulna fractures, three (5.5%) progressed to non-union. The method of 
stabilisation used in these three fractures was not reported. The major complication rate 
(non-union) reported is less than that reported by Wallace et al4 but both are case-based 
studies, therefore frequencies are entirely sample-size dependent.  
 
3. Synostosis 
One of the rare complications seen in people168–171, dogs172,173 and cats4 after trauma to the 
antebrachium is synostosis. Synostosis is the malunion of two bones together to form a 
single functional unit. In a large case series in people, synostosis has been reported to occur 
in 2% of traumatic cases irrespective of the repair method174. Synostosis between the 
radius and ulna has also been reported as a congenital condition in people175, dogs10,172,173 
and cats176 which can lead to angular limb deformities172,176 and decreased antebrachial 
range of motion4,171,175. The actual pathogenesis of traumatic synostosis is unknown, 
52 
 
however risk factors in people include Monteggia fracture, fracture of both the radius and 
ulna at the same level, open fracture, comminution, soft tissue loss, and laceration or 
impingement of bone fragments on the interosseous membrane174. Other patient-
independent risk factors in people include prolonged time to surgical intervention, 
extensive soft tissue dissection, inappropriately long screws length,  bone graft, prolonged 
immobilization or delayed rehabilitation177. In the study by Wallace et al4, 3/28 (11%) of 
cats with radius and ulna fractures developed synostosis. All of these cases had mid-
diaphyseal trauma to both bones. One cat was an open fracture with severe comminution, 
which was treated with a type-IIb external fixator. The other two cats were treated with a 
cranial plate applied to the radius and a type-Ib external fixator respectively. The cat with 
the cranial radial plate developed implant loosening and osteomyelitis with later 
synostosis. All of the cases in Wallace’s study4  that developed synostosis had several of the 
risk factors for synostosis reported in people174,177, however due to the limited number of 
cases it is difficult to draw any conclusions on risk factors for synostosis in the cat.  
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E. Orthopaedic Biomechanics  
There is a complex relationship between the implants used to stabilise a fracture and the 
host biology. Biomechanics is the study of this relationship, and allows interpretation of the 
forces at work in vivo. In this section, the basic terms and concepts used in biomechanical 
testing will be explained, along with their impact on fracture biology and stabilisation 
methods employed clinically and experimentally in this project.  
1. Terms and Concepts 
a) Force 
Force (F) is a mechanical disturbance or load, and is equal to mass times acceleration. Force 
is measured in Newtons (N)178. 
b) Stress 
Stress is defined as force per unit area i.e. Stress =
Force
Area
.  
Stress is reported in units of Pascals (1 Pa = 1 N/m)178. Depending on the method of load 
application, stress can be defined as compressive, tensile, or shear.  
Compressive stress occurs when loads cause a material to shorten. Tensile stress occurs 
when loads cause a material to stretch. Shear stress occurs when one region of a material 
slides relative to an adjacent region178,179. 
c) Strain 
Strain is defined as relative deformation expressed as units of length per length as a 
percentage 20,68,167,179.  
d) Bending Moment of Force 
The bending moment is a force that bends a structure (e.g. bone), about an axis 
perpendicular to its long axis. It is equal to the product of the force and moment arm. The 
bending moment is measured in Newtons/metre (N/m)71,178. 
e) Proportionality Limit 
The proportionality limit is the maximum stress (or force) at which strain (or displacement) 
remains directly proportional to stress (Figure V-8) The gradient is equal to the modulus of 
elasticity of the material178,180. 
f) Elastic Limit (Yield strength) 
Permanent deformation of a material or structure will occur beyond the elastic limit. The 
elastic limit is the lowest stress at which permanent deformation can be measured178,180. 
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g) Yield Point 
The point on the stress-strain (or force-displacement) curve at which the shape of the curve 
plateaus and plastic deformation occurs178,180. 
h) Deformation 
Deformation describes the change in shape or size of an object caused by an applied 
load178,180. 
i) Elasticity 
Elasticity is the ability of an object to return to its original shape after an applied load is 
released178,180. 
j) Plasticity 
Plasticity is the residual deformation of an object as a result of loading178,180. 
k) Area Moment of Inertia  
The area moment of inertia is a mathematical calculation of the distribution of area about 
an axis through the centre of an object’s cross-section178,181. The geometry of the object 
influences this mathematical calculation and these are represented in Table 1 153,178,180,182. A 
small increase in either the radius (pins or screws) or height (plates) causes an exponential 
increase in the area moment of inertia. 
 
 
Table V-1. Calculation of area moment of inertia for various commonly used orthopaedic 
implants153,178,180,182. Modified from Beierer153.  
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F. Biomechanical Testing of Orthopaedic Implants 
In order to understand how an orthopaedic implant may behave in a clinical situation, it 
must be tested beforehand. Biomechanical tests that are commonly used include axial 
compression, bending, torsion and cyclic loading (Figure V-4). There is currently no definite 
standard on how to perform these tests in either veterinary or human medicine, and what 
clinical implications any results may have, however they do offer the opportunity for 
relative comparisons across similar constructs. An overview of the biomechanical testing 
systems employed in evaluating orthopaedic implants is detailed below. 
    
1. Understanding the Force-Displacement Curve 
Load is defined as any force applied to an object178. How a load is applied to an object 
causes displacement of that object which can be graphically represented in a force-
displacement curve with force on the y-axis and displacement on the x-axis. Thus, for every 
increment in force, the change or displacement of the object can be noted. Stiffness, elastic 
and yield limits can be derived from the force-displacement curve. The area under the 
curve represents the energy expended doing the work. Defining the relationship between 
force and deformation is a method of assessing construct biomechanical properties. In a 
similar vein, stress-strain curves allow determination of a material’s mechanical properties. 
The force-displacement curve has two importantly distinct but contiguous regions called 
the ‘elastic’ and the ‘plastic’ regions179 (Figure V-8). 
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Within the elastic region of the curve, the object under load deforms in a linear manner to 
increasing load which can be described as a linear stress-strain relationship. Once the force 
is removed from the object in the elastic region of the curve, the object returns to its 
original state.  
The slope of the linear elastic region of the force-displacement curve represents the 
extrinsic stiffness or rigidity of the specimen179 (Figure V-8).  
Depending on the testing performed and the materials used, the proportionality limit, 
elastic limit and the yield point may be very close to one another (Figure V-8). The 
 
 
Figure V-8. Load-displacement curve demonstrating derivation of stiffness from the linear 
portion of the curve. Note the elastic and proportionality limits and the yield point in the 
magnified section of the curve above are very close. 
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proportionality limit is the point at which the maximum stress (or force) at which strain (or 
displacement) remains directly proportional to stress (or force). The elastic limit of the 
curve is the lowest stress (or force) at which permanent deformation can be measured. The 
elastic and the plastic regions of the force-displacement curve are divided by the yield limit 
or point (Figure V-8). The yield limit represents the yield strength of the construct or 
material in that test e.g. compression, bending, tension. The yield limit is often defined as 
the point where the curve begins to become nonlinear and plateaus183 (Figure V-8), and 
beyond which, force causes permanent (plastic) deformation to the specimen. In some 
cases, a 0.2% deformation offset (or 0.2% strain offset) technique can be used to arbitrarily 
determine the yield limit from the offset’s linear intercept with the load-deformation (or 
stress-strain) curve. This technique is often used when there is an ill-defined yield 
limit179,180,182. Plastic deformation of an implant can be utilised clinically to benefit, such as 
contouring a bone plate. With increasing loads applied to the construct beyond the yield 
limit, failure will eventually occur Depending on the materials used, the constructs may 
vary in their ability to plastically deform before failure. This is an inherent property of the 
material known as ductility. As ductility increases, so does a material’s ability to deform 
plastically178,180.  
It is essential in non-destructive biomechanical testing that any loads applied must remain 
within the elastic region of the force-displacement curve, since plastically deformed 
specimens are biomechanically dissimilar to the original and may confound results.  Once 
non-destructive testing is completed the yield limit can be determined from a force-
displacement curve by increasing load at a defined rate, magnitude and direction until 
failure. The utility of determining the yield load of a construct is limited however, since it is 
difficult to determine what strength is required in vivo for every clinical scenario to afford a 
good outcome. However in veterinary medicine, implants more frequently yield acutely 
early in convalescence after experiencing extreme loads rather than failing from cyclic 
loading, in contrast to human orthopaedics184. Because veterinarians are interested in what 
acute loads a construct is able to endure prior to catastrophic failure, the yield limit of the 
construct is an important biomechanical property. 
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2. Stiffness 
a) Testing stiffness 
Stiffness is defined as the applied force or moment needed to produce a unit deformation 
of the construct under load.179,184 Stiffness is frequently evaluated in biomechanical testing 
of fracture fixation constructs 82,83,185,186. Stiffness is derived from the slope of the linear 
elastic region of the force-displacement curve, and represents the rigidity of the specimen. 
Stiffness can be expressed as a proportion of force divided by displacement. Its units of 
measure are dependent upon the direction of the force applied, but in bending and axial 
compression it is N/mm178,180,184. Stiffness is a structural property, influenced by the 
geometry of the specimens as well as its material composition. The stiffness of an object is 
a direct relationship between its elastic modulus (E) and its area moment of inertia.  
Gardner et al184 suggests that the utility of stiffness testing data depends on several 
variables. The first variable is whether the bone-implant construct functions as a single unit 
across the fracture gap. If load sharing occurs between the cortices or the implant is too 
stiff for the bone, then the stiffness of the construct is confounded.  One way of addressing 
this limitation is by modelling a comminuted fracture so that no load sharing occurs 
between the bone segments, the stiffness measured is therefore that of the entire 
construct. The second variable that may influence stiffness interpretation is how 
displacement is measured. Typically, displacement is measured from the testing machine 
actuator.   A limitation of measuring stiffness from actuator displacement, is that there is 
often asymmetric displacement at the fracture gap under loading, whereby the near cortex 
is displaced less than the far when a plate is applied126. This can cause stiffness calculated 
from actuator displacement to vary up to one magnitude when repeatedly testing the same 
implant126. Information regarding the sensitivity of materials testing machine’s 
displacement measurement is inherent to each machine, load cell and manufacturer.  
Although alternative methods of measuring displacement at the fracture site such as strain 
gauges26,27 and video or electromagnetic motion analysis systems187, are available, access to 
them and economic constraints frequently limit their use. Three dimensional image 
analysis systems have been reported to be sensitive for measuring displacement down to 
1/30000 of the field of view187 (e.g. 30 mm field of view, sensitivity is 1 micron). Because 
materials testing machines transduce displacement of the entire system, it is vitally 
important to take into account system slack or slippage during measurement of stiffness. 
Gardner184 recommends that prior to data collection for stiffness calculation, the system 
should have several pre-cycles in order to eliminate slack in the system and reduce 
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variation in force-displacement curve readings. Bone is viscoelastic, which is thought to be 
due mostly to its collagen composition188. Being viscoelastic means that bone is able to 
resist shear and strain linearly with increasing stress in a time-dependent manner, but 
returns to its shape once the load is removed179,180,182,188. Thus the rate of load applied to 
bone will affect stiffness results. Bone is also a composite material composed in part of stiff 
hydroxyapatite within more viscous collagen, oriented in different planes, which gives it 
anisotropic properties (it has different structural and material properties that vary 
throughout its length depending on the vector of the load applied). Thus, there are 
inherent differences between samples and within samples depending on the testing 
machines, testing methodology, bone-implant interface location (e.g. cortical or trabecular 
bone) and innumerable other variables. This means that few clinical conclusions can be 
made from directly comparing ex vivo stiffness data between studies, however relative 
comparisons may be made with similarly designed and tested studies.  
 
b) Clinical applications  
In clinical situations, the surgeon is capable of manipulating an implant’s stiffness by 
understanding and utilising differences in geometry and material. For example, a bone 
plate’s stiffness can be altered by adjusting its geometry and relative position to applied 
loads (area moment of inertia, Figure V-9), bone-plate distance, working length, type and 
placement of screws, the degree of load sharing between the plate and fractured bone 
ends as well as the material used82,92,100,114,121,125,140,189,190. Differences in materials’ moduli of 
elasticity (e.g. stainless steel (316L) 190 GPa versus pure titanium 97 GPa) affects construct 
stiffness significantly, which subsequently changes yield loads and fatigue resistance 
properties125,189. In general, the greater the material’s modulus of elasticity, the stiffer it is 
with greater yield load and resistance to fatigue. The stiffness of a construct only 
represents part of the overall biomechanical considerations required for fracture 
stabilisation however it has a profound effect on the type of bone healing that occurs191. 
The stiffest construct is not always the most appropriate or effective in promoting rapid 
bone healing. Constructs that are either too stiff or too flexible delay healing. For example, 
constructs that are too stiff can limit fracture motion and strain, which limits 
osteosynthesis and can lead to osteoporosis by a process known as stress shielding, causing 
delayed or non-unions10,20,68,184. Osteoporosis can increase the risk of peri-implant fracture 
with locking implants where there is a large disparity in stiffness between the implant and 
the bone, or failure at the screw-bone interface, especially in non-locking plates that rely 
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on compression90,100,113. In a prospective study of 72 adults with distal femoral fractures 
treated with either titanium or stainless steel locking plates with 6 month follow up126, the 
authors proposed that locking plate constructs, particular ones made from stainless steel, 
may be too stiff and causing delays in healing. The study found that whilst titanium plates 
produced 68% more callus formation and were less stiff than steel plates, both sets of 
plates were associated with unacceptable rates of non-union due to inadequate bridging 
callus. The authors concluded that less stiff implants are required to promote callus 
formation, however that study failed to adequately control several variables such as plate 
working length which are strongly associated with construct stiffness92. Osteosynthesis 
requires a balanced relationship between the mechanical and biological environment in 
vivo10,20,68,184. The optimal stiffness of a construct used in fracture stabilisation remains 
unknown. It is likely that the optimal construct stiffness for any given fracture is dependent 
on systemic and local factors, soft-tissue injury to the area, fracture configuration, and 
stage of fracture healing.  
 
3. Bending  
Bending tests are useful for measuring the mechanical properties of bones and implants 
because the whole construct is loaded in bending. This means that in comminuted fracture-
gap models, the construct (bone and implant) stiffness is able to be measured together. 
Except for the lack of soft tissue support, bending tests reflect an approximation of the 
expected forces in the plane of bending in vivo. To achieve a consistent, known load across 
the bone in bending, a bending moment needs to be calculated.  
a) Bending moment 
The bending moment is the amount of bending that occurs in a beam and is reported as 
Newton-metres (Nm). It is the algebraic sum of the moments about the neutral axis of any 
cross section of a beam180 and is used to identify where the greatest amount of bending 
takes place. The methods for calculating the bending moment will vary with the 
configuration of the structure and method of bending (e.g. three-point, four-point or 
cantilever). Three-point bending occurs when three forces act on the construct to produce 
two equal moments, centred at and equidistant from where the force is being applied 
(Figure V-9)180,192. In three point bending, the maximal load and point of failure is at the 
point of load application, which does not represent more typical loading of bone in 
vivo179,180. In contrast, four-point bending involves application of two parallel and equal 
magnitude forces across the structure to produce an equal bending moment across its 
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length179,192, and as a consequence, the point of failure of the construct is at its weakest 
point. Four-point bending is considered to better model typical weight bearing in long 
bones179,180,192. In four-point bending, Turner179 recommends that the outer span between 
the bending rollers should be about 16 times the thickness of the specimen. This suggestion 
is derived from plastics testing by the American Society for Testing and Materials193 but 
although it is thought to be applicable to bone, ex vivo studies rarely are able to achieve 
this179.  Four-point bending requires equal force at each loading point. Hence it is essential 
that flat surfaces are in contact with the bending rollers during testing to eliminate shear 
and ensure consistent results. To achieve this, it is common practice to place irregularly 
shaped bone ends into bone cement (polymethymethacrylate). The bones are cemented 
within a geometric pot and left to set.  
Materials testing machines are capable of bending constructs by varying the rate and 
magnitude of forces applied through the attached load cell. The force applied can be 
regulated by either displacement or load control, which allows the investigator to remain 
within the elastic limits of the construct whilst testing. For non-destructive testing, a 
bending moment within the elastic limits of the construct must be determined beforehand. 
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Figure V-9. Representation of three and four-point bending. In three point bending, force 
(F) is applied in the middle of the construct (L/2) where failure will occur. In four-point 
bending, the load is distributed across the construct more evenly, such that failure will 
occur at the weakest point179. 
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4. Compression 
Compressive forces cause a structure to shorten and widen10. Compression is the most 
prominent force to act in the antebrachium of the cat during normal activity such as 
walking or jumping. As previously discussed, it is thought that approximately 75-80%9,10 of 
the load is transferred through the radius during weight bearing, however this has not been 
objectively quantified in cats. Compression fractures are often associated with high energy 
trauma, which in cats is most likely to occur during landing on the forelimbs at high velocity 
from a fall4,194. Compression causes a variety of fracture configurations including Salter-
Harris fractures in young animals, or transverse to oblique diaphyseal fractures9,10,20.  
Axial compression testing is meant to model weight bearing during normal activity in 
convalescence. One of the additional benefits of using compressive testing, is that 
specimens do not need to be as large as tensile specimens179, which is important to  
considered given how small cat’s radius and ulna are. The most accurate clinical modelling 
of implant utility using compression is fatigue cycling due to the ability to have multiple 
data points collected throughout the ‘lifespan’ of the construct184. This allows researchers 
to monitor biomechanical changes that occur during hundreds of thousands of load-unload 
cycles. The limitation of cyclic fatigue testing is time and money. The time taken to test a 
single sample to fatigue failure (150,000-250,000 cycles at 3-5 Hz) can take the better part 
of 24 hours depending on the model184. In small animal surgery, surgeons are more focused 
on the acute load to failure and stiffness of a construct than its fatigue life due to lack of 
animal and owner compliance early in convalescence. This is particularly true when treating 
cats, which are notoriously difficult to confine and limit from jumping in the immediate 
post-operative period. Lascelles5 reported that normal cats jumping onto a pressure 
sensitive mat from a 1 metre height had 148.9% of their body weight transferred through 
the forelimbs. For a 5 kg cat at sea level, this equates to: 
Load = 5 × 𝑔 × 1.489 where g=9.8 m/s2 
Load = 72.9J ~ 73J 
As with bending tests, the stiffness and yield limits during axial compression are derived 
from the load-displacement curve. One of the important technical issues when performing 
axial compression testing, is that any misalignment of the constructs with the loading 
platen can cause significant underestimation of the measurements179. In order to limit this 
error, constructing an unconstrained pivoting platen that sits between the load train should 
be utilised.  
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5. The neutral axis  
In a bending test, the area moment of inertia is measured about the axis of bending that 
contains the cross-sectional centre of mass. This axis is called the neutral axis. The neutral 
axis does not undergo any compressive or tensile stresses during bending. Tensile or 
compressive stresses increase linearly with distance from the neutral axis. If one assumes a 
long bone to be a simple beam, the formula: 𝐼 =
𝑏𝑎𝑠𝑒 (ℎ𝑒𝑖𝑔ℎ𝑡)3
12
  can be used to calculate the 
area moment of inertia. When an implant is added to bone, the respective area moment of 
inertia are summed, which in turn means that these composite structures are stiffer than 
their individual parts. The composite structure’s neutral axis now lies between the 
respective neutral axes of each component. The most significant factor that increases the 
composite structure stiffness is the shifting of the neutral axis by the addition of an 
implant180. In bending, the stiffness of the composite construct is the product of the area 
moment of inertia and the modulus of elasticity, and is greatly influenced by the bending 
direction180. The implants used in this study along with their respective area moments or 
inertia are summarised in Figure V-10. 
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Figure V-10. Calculations of the area moment of inertia for the implants used in this study 
along the y-axis. (A) is a 2.0 mm locking screw. (B) is a 1.2 mm diameter smooth pin. (C) and 
(D) are 2.0 mm LCP plates in orthogonal orientations. 
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6. Biomechanical Properties of 2.0 mm Bone Plates  
There are no studies that report the bending yield load of 2.0 mm LCPs in the veterinary or 
human literature. There is one report in a cadaveric bovine rib model of human mandibular 
fractures that compared the bending properties of a 10-hole 2.0 mm Synthes® locking 
mandibular fixation plate to a non-locking Synthes® mandibular fixation plate (n=10/group) 
using monocortical screws across a fracture gap195. In that study, there was no difference 
between the groups four-point bending yield loads (non-locking plates was 559.9 N (SD, +/- 
247.9) versus 637.8 N (SD, +/-276.3). However, the Synthes® titanium mandibular plates 
used in that study, have altogether different geometry and biomechanical properties 
compared to the stainless steel LCP, which makes comparison inappropriate.  
The stainless steel Synthes® DCP and LC-DCP however do share similar geometric and 
material properties with stainless steel LCPs. In an in vitro study by Zahn et al82, 18 different 
plates including clamp-rod internal fixators were testing using a synthetic bone model. 
Depending on the size of the plate e.g. 1.5/2.0, 2.4, 2.7 etc. the synthetic bone diameter 
was altered to better represent clinical applications. The 1.5/2.0 mm DCP was one of the 
smallest implants used. These were applied in compression to 10 mm diameter synthetic 
bone using 3 cortical screws per fragment with 4 holes empty over the fracture gap. Six 
replicates per construct, per test, were bent along their length (equivalent to craniocaudal 
bending for the antebrachium) using a four-point bending rig until plastically deformed. 
The 1.5/2.0 LCP were reported to have a mean yield moment of 0.65 Nm (SD, +/- 0.04 Nm). 
In a similar study by Strom et al83, the 1.5 mm thick versions of 2.0 mm DCP and 2.0 mm LC-
DCP were compared alongside four other plates (1.2 mm thick 1.5/2.0 mm DCP, 1.2 mm 
thick 1.5/2.0 mm LC-DCP, 1.7 and 2.0 mm thick 2.4 mm LC-DCP). In contrast to Zahn et al, 
this study tested the implants directly, without any bone model. There were three 
replicates per group. Implants were tested in single load to failure in four-point bending 
along their length. The mean yield moment was 0.57 Nm (SD, +/- 0.03 Nm) for the 1.5 mm 
thick 1.5/2.0 mm DCP, and 0.87 Nm (SD, +/- 0.04 Nm) for the 1.5mm thick 1.5/2.0 mm LC-
DCP. Whilst both studies results were similar, the length of the plates used and testing 
methodologies were notably different and makes their direct comparisons difficult. 
Furthermore, these studies did not use locking implants, however their respective yield 
moments for 2.0 mm DCP and LC-DCP gave a reasonable estimate of the upper elastic limit 
of these similarly designed and sized plates in bending.  
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7. Bone Handling and Preparation 
 
a) Cadaveric Versus Synthetic 
An important factor when designing biomechanical studies for implant testing is the type of 
bone used. There are two different forms of bone commonly used – cadaveric and 
synthetic184. The aim of any study is to mimic in vivo conditions as closely as possible so 
that clinicians can extrapolate that data accordingly to their subjects. Use of cadaveric and 
synthetic bone has both advantages and disadvantages. 
 
 Cadaveric Bone 
Cadaveric bone is commonly used in biomechanical testing. The cadaveric specimen is 
anatomically accurate and behaves structurally, morphologically and mechanically for the 
most part, as that experienced in vivo. The limitation however of cadaveric bone is that as a 
biological sample, there is a wider variation across experimental units. Hence, in order to 
minimise type II error it is important that a power analysis be performed to determine the 
numbers of specimens required. Cadaveric studies typically require more specimens in 
order to have adequate statistical power, which incurs increased costs and time184. In 
animal studies, cadaveric samples are often taken from surrendered, old or stray animals 
with an unknown medical history. Metabolic, systemic or orthopaedic diseases can 
significantly affect bone quality and strength191. In order to limit these variables, paired and 
matched study designs that can minimise introducing variation across treatments is 
considered best practice184.  
 
The preparation of cadaveric bone must be standardised because the viscoelastic 
properties of bone vary between fresh, fresh-frozen or embalmed. Although fresh bone is 
the most realistic representation of in vivo bone behaviour, the practicalities of obtaining, 
preparing and testing within a few days of collection is rarely feasible. In order to preserve 
cadaveric bone either formalin embalming or freezing is used. Freezing bone wrapped in 
saline soaked gauze at -20° C is easy, safe and does not significantly affect the mechanical 
properties196–198.  
 
(a) Preservation 
Cadaveric bone must be preserved appropriately to limit sample variation. Bone is an 
organic material that’s mechanical properties are affected by exposure to the environment. 
As previously discussed, bones are typically preserved for mechanical testing using either 
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formalin embalming or freezing. Embalming involves toxic chemicals, requires specialised 
equipment and facilities, is a health risk184 and can cause significant alterations in bone 
mechanical properties, by decreasing its strength199. 
The gold standard of bone preservation is considered to be freezing specimens at -20°C in 
saline soaked gauze. In 1966, Sedlin200 showed that after 20 days at -20°C, frozen human 
femora had no change in their bending properties. Extending the freezing period to 30 
days was shown to cause less than 2% decrease in Young’s modulus in dog femora201. Kaye 
et al196 have shown that the number of freeze-thaw cycles on cadaveric bone after the 
first had no significant effect on the bone mechanical properties. 
 
In order to preserve bone’s mechanical properties, the bone must always remain 
moistened and protected from desiccation. Desiccation of bone causes an increase in 
Young’s modulus and strength will generally increase, but its toughness will decrease202,203 
due to the bone becoming brittle, causing it to fracture at lower loads. For the most 
accurate results bone must remain hydrated either by wrapping in saline soaked gauze or 
the bone must be continuously sprayed with saline during testing. 
 
The temperature at which the specimens are tested is important. Ideally, bones should be 
tested at temperatures as close to normal body temperature, however this is rarely 
feasible in a laboratory setting. At 23°C the Young’s modulus of bone increases 24% 
compared to bone tested at 37°C201,204–206. The error when testing bone at room 
temperature is considered small and is standard practice in most biomechanical testing, 
however variability can be reduced by controlling temperature of bones by either testing in 
a climate controlled environment or by placing bone specimens in a 37°C saline bath during 
thawing and testing207. Others have recommended that room temperature saline be used 
to thaw specimens over more than 3 hours192 in order to slowly warm them, minimise 
exposure to air, evaporation, and desiccation. Although there is no consensus on how to 
prepare cadaveric bones after freezing, a consistent thaw methodology for all specimens is 
the only way to ensure repeatable results. 
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 Synthetic Bone Substitutes 
Synthetic bone substitutes offer unique advantages over cadaveric bone. Synthetic bones 
are affordable, avoid ethical concerns, are readily available in large quantities, have no 
biological risk and have limited inter-specimen variability184. There are several types of 
synthetic bones on the market (e.g. polyoxymethylene; Delrin® , Short-fibre-filled epoxy; 
Synthetic bones®, fiberglass-reinforced composite208,209) including proprietary composites 
which all have slightly different mechanical properties, which makes comparison across 
studies difficult. Little’s study 209 validated the use of a custom designed fiberglass-
reinforced composite as a model for cortical bone in the dog antebrachium, however the 
only cat study using this material in the literature found that fiberglass-reinforced 
composite was not a valid model for the cat femur due to lower relative fracture toughness 
compared to bone samples208. Although cortical209,210 and cancellous211,212 synthetic bone 
models have been validated in other species,  it cannot be assumed valid for normal cat 
cortical and cancellous bone213. Furthermore, synthetic bones are incapable of modelling 
complex in vivo mechanics and anatomy of adjacent long bones such as the radius and 
ulna.  
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B. Abstract 
 
Aims: This study aimed to describe the length, internal and external diameters, cancellous 
bone volume and extent, and cortical thickness at predetermined locations in the radius 
and ulna of a cohort of skeletally mature, disease-free feline cadavers using radiography 
and computed tomography (CT). 
Methods: Five feline cadavers were used (mean 3.31 kg, range 2.55-4.24 kg). Antebrachii 
(n=10) were radiographed to confirm skeletal maturity and normal radiographic 
appearance prior to CT. Reconstructed CT images were used to measure bone length, 
cortical thickness, internal and external diameters and cancellous extent. Cancellous bone 
volume was calculated automatically using OsiriX® after manual segmentation (350–850 
Hounsfield Units window) from axial CT slices. 
Results:  CT images were used to measure bone length, cortical thickness, internal and 
external diameters and cancellous extent and volume. Mean radial length was 95.89 mm 
(95% CI, 88.52 - 103.26 mm) and mean ulna length was 114.67 mm (95% CI, 105.53 - 
123.81 mm). The olecranon had the largest mean cancellous bone volume, 94.16 mm3 
(95% CI, 72.09 - 116.23 mm3) and it extended a mean 13.12 mm (95% CI, 11.73 - 14.51 
mm) distally. The radius at the level of the trochlea and the ulna at the level of the 
coronoid processes had the largest external diameters respectively. The medullary canal 
narrowed at the level of the coronoid processes and became cranially eccentric at the 
proximal third of the diaphysis. The cranial cortex at the level of the coronoid processes 
and the caudal cortex of the olecranon were markedly thicker than other cortices at those 
levels.  
Conclusion and relevance: Morphometry of the feline antebrachium was described using 
CT, and should be a useful reference for future research investigations and clinical 
applications.   
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C. Introduction 
 
The anatomy and morphology of the feline antebrachium has been described1–4 ,but bone 
morphometry has not. Bone morphometry is the measurement of quantitative three-
dimensional properties of bone measured using manual5,6 or diagnostic imaging 
techniques5,7–9 . Morphometric analyses reported in normal dogs5,7,8,10 , cattle11 and 
people9,12,13 are used as references for research into regional orthopaedic or neurologic 
disease processes.   The aim of this study was to describe the lengths, internal and 
external diameters, cancellous bone volume and extent, and cortical bone thickness at 
predetermined locations in the radius and ulna of mature cats. Radiography and 
computed tomography (CT) assessment was performed.  Morphometric description of the 
feline antebrachium will provide information on the cortical and cancellous bone 
properties for future investigations, particularly orthopaedic research and clinical 
applications. 
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D. Material and Methods 
 
Cadavers 
Four female skeletally mature cats of unknown desexing status, and one castrated male cat 
were euthanised for reasons unrelated to this study with intravenous sodium 
pentobarbital.  Mean body mass was 3.31 kg (range, 2.55-4.24 kg).  The cadavers were kept 
frozen at -20° C and defrosted at room temperature prior to radiographic and CT imaging of 
their paired antebrachii.  
 
Imaging 
Radiographs of the forelimbs were obtained and reviewed by a board certified radiologist to 
confirm normal radiographic appearance and skeletal maturity prior to CT. The cadavers 
were positioned by the same radiographer. Orthogonal radiographs (mediolateral and 
craniocaudal views) were obtained of each antebrachium. Each radiograph was centred 
over the mid-diaphysis of the antebrachium. The distal metaphysis of the humerus to the 
distal phalanges were included in the field of view. Radiographs were taken at 56 kVp and 
3.2 mAs using a computed radiography systemi and storedii in a DICOM format.  
Computed tomographyiii was performed with the cadavers in sternal recumbency with both 
elbows extended and the olecranon in contact with and perpendicular to the gantry and 
the primary beam. The caudal aspect of the antebrachii were always in contact with the 
gantry, but remained unconstrained distally, as this would have altered the positioning of 
the elbow. The same foam positioning block was used for each cat. The foam block was 
placed under the mandible and between the humeri to provide a consistent distance 
between the limbs for all samples. The antebrachii of each cadaver were scanned from the 
phalanges to the distal metaphysis of the humerus. The parameters for each CT were: 110 
kVp, 100 mAs, 86cm table height, 0 degree gantry tilt, capture slice thickness 1.0 mm, 0.5 
mm slice overlap, image matrix size 512x512 pixels, 0.95 mm focal spot. Fine bone and soft 
tissue window reconstruction algorithms were performed with a 0.5 mm slice thickness.  
 
for analysis. IIThe DICOM images were stored 
Image analysis and data collection  
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Image analysis of the radiographic and CT DICOM images was performed by the same 
investigator using OsiriX ®IV . All measurements were taken in triplicate by the same 
investigator at the same time and the average of these three measurements was reported. 
The review sequence of the images was not randomised. 
 
Each antebrachium was measured separately using multiplanar reconstruction (MPR) of 
the CT images acquired. The measurements were made from the two dimensional images. 
The length of the radius was measured from the centre of the head of the radius (caput 
radii) to the most proximal aspect of the distal radial articular concavity in the saggital 
plane. The radial head measurements were taken from the first complete proximal radial 
axial slice through which all cortices of the head could be visualised when the axial images 
were oriented perpendicular to the cranial cortex of the radius in the saggital plane. The 
centre of the radial head was defined as the point equidistant from the cranial and caudal 
cortices in the saggital plane. The radial diaphysis was divided into three levels at which 
measurements would be taken - the proximal third, mid-point and distal third. These levels 
were calculated for each radius respectively from the measured radial length using the 
technique described above. The proximal third level was located one-third of the calculated 
length of the radius, distal to the radial head. The mid-point level was located equidistant 
from the proximal and distal articular surfaces of the radius. The distal third level was 
located two-thirds of the calculated length distal to the radial head. The other 
measurement sites for the radius included the radial head, radial neck (collum radii) and 
trochlea (Figure VI-1A). The landmark for the radial neck, was the narrowest point distal to 
the radial head and proximal to the radial diaphysis in the saggital plane. The landmark for 
measurement of the trochlea was the widest point passing through the radial styloid 
process in the frontal plane (Figure VI-1A).  The length of the ulna was measured from the 
craniocaudal mid-point of the olecranon (tuber olecrani) to the most distal aspect of the 
styloid process in the sagittal plane. The olecranon measurements were taken from the 
first complete proximal ulna axial slice through which all cortices of the olecranon could be 
visualised when the axial images were oriented perpendicular to the cranial cortex of the 
olecranon in the saggital plane. The craniocaudal mid-point of the olecranon was 
determined to be the point equidistant between the cranial and caudal cortices of the ulna 
in the saggital plane. The diaphysis of the ulna was measured at the calculated levels of the 
proximal third, mid-point and distal third as for the radius. The other measurement site for 
the ulna was the proximal aspect of the medial coronoid process (processus coronoideus 
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medialis) (Figure VI-1B). Internal diameter, external diameter and cortical thickness were 
measured at each of the described levels on the radius and ulna. 
 
 
Figure VI-1(A). Measurement levels for the radius, cranial view. 1 – Head. 2 – Neck. 3 – 
Proximal third. 4 – Mid-point. 5 – Distal third. 6 – Trochlea. (B). Measurement levels for the 
ulna, lateral view.1 – Olecranon.2 – Coronoid processes. 3 – Proximal third. 4 – Mid-point. 5 
– Distal third. 
 
Cortical thickness and internal diameter was measured along the radius and ulna separately 
using the standard OsiriX ®IV bone algorithm (window level: 300, window width: 1500). 
Measurement levels for the radius were the head, neck, proximal third, mid-point, distal 
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third of the diaphysis and the trochlea (trochlea radii) at landmarks described above. 
Measurement levels for the ulna were the olecranon (tuber olecrani), coronoid processes 
(processus coronoideus), proximal third, mid-point and distal third of the diaphysis at 
landmarks described above. At each site on the respective bones, the axial CT slice was 
manually oriented and marked using the region of interest tool to determine the relative 
cranial, caudal, medial and lateral aspects of the bones. This is a modification of methods 
previously described14,15 and was performed to take into account the changing relative 
spatial relationship between the radius and the ulna with respect to the absolute 
craniocaudal and mediolateral planes. The internal diameter of the bone was measured 
along the same relative craniocaudal and mediolateral axes (Figure VI-2). The relationships 
between bone measurements were calculated by obtaining a percentage of the measured 
components for each cat. These percentages were then averaged for the cohort and 
confidence interval calculated. 
 
Each axial CT DICOM image had cancellous bone manually segmented16–18 from other 
tissues using a window level of 350 and window width of 850 Hounsfield Units (HU)19,20 
using OsiriX ®IV . The volume of cancellous bone was calculated automatically17 and 
recorded after segmentation of the DICOM images for each bone. The proximal and distal 
extents of cancellous bone from the articular subchondral bone were measured using 
multiplanar reconstruction after segmentation. 
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Figure VI-2. Axial CT slices: A – Proximal third of the radius. B – Middle of the radius. C – 
Distal third of the radius. Top of images is cranial. Left of images is medial. Radius is marked 
with cross-hairs. Solid orange – craniocaudal plane. Solid blue - mediolateral plane. Solid 
green - cranial and caudal cortical thickness. Dotted light green - internal diameter in 
craniocaudal plane. Solid red - medial and lateral cortical thickness. Dotted light orange – 
internal diameter in mediolateral plane. 
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E. Results  
 
Bone length 
Bone length measured from CT had a mean of 95.89 mm (95% CI, 88.52 - 103.26 mm) for 
the radius and 114.67 mm (95% CI, 105.53 - 123.81 mm) for the ulna.  
 
Cancellous bone 
Cancellous bone extended a mean of 3.60 mm (95% CI, 3.28 - 3.92 mm) distally from the 
articular subchondral bone of the radial head. The calculated cancellous bone volume of 
the radial head was a mean 13.13 mm3 (95% CI, 9.35 - 16.91 mm3). 
 
The cancellous bone of the distal radius extended a mean of 10.37 mm (95% CI 9.72 - 11.02 
mm) from distal articular surface. The total calculated cancellous bone volume of the distal 
radius was a mean 76.88 mm3 (95% CI, 62.15 - 91.61 mm3).  
 
Cancellous bone extended a mean of 13.12 mm (95% CI, 11.73 - 14.51 mm) distally from 
the olecranon. The total calculated cancellous bone volume proximal ulna was a mean of 
94.16 mm3 (95% CI, 72.09 - 116.23 mm3).  
 
The cancellous bone of the distal ulna extended a mean 10.71 mm (95% CI, 9.71 - 11.71 
mm) from the styloid process. The total calculated cancellous bone volume of the distal 
ulna was mean 17.49 mm3 (95% CI, 13.79 - 21.19 mm3). 
 
External diameter of bone  
The external diameters of the radius and ulna at the measurement levels are reported in 
tables VI-1 and VI-2 respectively.  
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Table VI-1. Computed tomography external diameter measurements of the radius at the 
measurement levels reported as mean (95% CI) in mm. CC – craniocaudal. ML – 
mediolateral. 
Level Direction Measurement (mm) 
Radial head 
CC 4.57 (4.18 - 4.96) 
ML 7.25 (6.37 - 8.13) 
Radial neck 
CC 3.90 (3.49 - 4.30) 
ML 5.91 (4.99 - 6.83) 
Proximal 1/3 
CC 4.19 (2.7 - 5.69) 
ML 6.07 (5.33 - 6.81) 
Mid-point 
CC 3.91 (3.27 - 4.56) 
ML 6.12 (5.52 - 6.71) 
Distal 1/3 
CC 4.22 (3.58 - 4.87) 
ML 6.04 (5.52 - 6.56) 
Radial trochlea 
CC 6.04 (5.32 - 6.75) 
ML 9.30  (9.09 - 9.51) 
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Table VI-2. Computed tomography external diameter measurements of the ulna at the 
measurement levels reported as mean (95% CI) in mm. CC – craniocaudal. ML – 
mediolateral. 
Level Direction Measurement (mm) 
Olecranon 
CC 9.31 (8.76 - 9.86) 
ML 4.27 (3.74 - 4.79) 
Coronoid 
CC 11.05 (10.07 - 12.03) 
ML 7.16 (6.41 - 7.90) 
Proximal 1/3 
CC 8.56 (7.54 - 9.58) 
ML 3.59 (3.01 - 4.16) 
Mid-point 
CC 6.15 (5.37 - 6.93) 
ML 4.37 (3.59 - 5.15) 
Distal 1/3 
CC 4.9 (4.46 - 5.33) 
ML 4.04 
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The radial head was ovoid in shape. The mean craniocaudal plane external diameter was 
63% of the mediolateral plane. The radial neck was narrower than the head in both planes. 
The neck was on average, 85% and 81% of the radial head in the craniocaudal and 
mediolateral planes respectively. The external diameter of the radial diaphysis varied little 
throughout its length. The radial trochlea was the widest part of the radius in both planes, 
and was on average, 133% and 130% wider in the craniocaudal and mediolateral planes 
compared to the radial head which was the next widest part. 
 
The olecranon’s mediolateral external diameter was on average, 46% of its craniocaudal 
plane. The level of the coronoid processes represented the widest external diameter on the 
ulna in both planes respectively. Throughout the ulna diaphysis, the external diameter 
remains widest in the craniocaudal plane, and narrows consistently from the proximal third 
to the distal third.  
 
Internal diameter of bone 
The internal diameters of the radius and ulna at the measurement levels are reported in 
tables VI-3 and VI- 4 respectively. 
  
97 
 
Table VI-3. The internal diameters of the radius at the measurement levels reported as 
mean (95% CI) in mm. CC – craniocaudal. ML – mediolateral. 
Level Direction Measurement (mm) 
Radial head 
CC 2.37 (1.95 - 2.8) 
ML 5.13 (4.07 - 6.19) 
Radial neck 
CC 2.03 (1.57 - 2.48) 
ML 3.06 (2.31 - 3.81) 
Proximal 1/3 
CC 1.69 (0.84 - 2.55) 
ML 2.5 (1.71 - 3.28) 
Middle 
CC 1.58  (1.07 - 2.09) 
ML 2.84 (2.21 - 3.47) 
Distal 1/3 
CC 1.82 (1.26 - 2.38) 
ML 3.08 (2.57 - 3.6) 
Radial trochlea 
CC 4.43 (3.63 - 5.23) 
ML 7.38 (7.25 - 7.5) 
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Table VI-4. The internal diameters of the ulna at the measurement levels reported as mean 
(95% CI) in mm. CC – craniocaudal. ML – mediolateral. 
Level Direction Measurement (mm) 
Olecranon 
CC 6.78 (6.31 - 7.25) 
ML 2.71 (2.2 - 3.21) 
Coronoid 
CC 3.16 (2.57 - 3.75) 
ML 2.37 (1.91 - 2.82) 
Proximal 1/3 
CC 3.12 (2.06 - 4.18) 
ML 1.35 (0.91 - 1.78) 
Middle 
CC 2.65 (2.17 - 3.14) 
ML 1.94 (1.31 - 2.57) 
Distal 1/3 
CC 2.09 (1.66 - 2.51) 
ML 1.76 (1.14 - 2.49) 
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The radial head’s mean internal diameter was on average, 216% wider in the mediolateral 
axis than the craniocaudal. The internal diameter tapered by approximately 2 mm through 
the radial neck in the mediolateral axis but changed little in the craniocaudal axis, before 
joining the diaphysis. The radial medullary canal remained mostly ovoid throughout its 
length, but narrowed midway to a mean 1.58 mm (95% CI, 1.07 - 2.09 mm) in the 
craniocaudal axis before flaring out again to a mean 1.82 mm (95% CI, 1.26 - 2.38 mm) at its 
distal third. The mean mediolateral internal diameter of the radial diaphysis was 2.50 mm 
(95% CI, 1.71 - 3.28 mm) at the proximal third, which widened by an average 117% 
between the proximal third and mid-point, and by 110% between the mid-point and the 
distal third. The internal diameter of the radial trochlea was consistently the widest point in 
both mediolateral and craniocaudal planes.   
 
The caudal ulna surface in the cat was convex from proximal to the mid-shaft and then 
concave distally. The internal diameter of the ulna at the olecranon was widest in the 
craniocaudal axis. The mediolateral internal diameter at the olecranon was on average 40% 
of the craniocaudal measurement. The medullary canal narrowed at the level of the 
coronoid processes to a more ovoid shape (viewed in cross section) and measured a mean 
3.16 mm (95% CI, 2.57 - 3.75 mm) craniocaudally and 2.37 mm (95% CI, 1.91 - 2.82 mm) 
mediolaterally. The mediolateral internal diameter at the proximal third of the ulnar 
diaphysis was on average, 44% of the craniocaudal plane. At this level of the diaphysis, the 
medullary canal was cranially eccentric. The medullary canal widened distal to the proximal 
third of the ulna by a mean 145% at the mid-point and 134% at the distal third of the ulna 
in the mediolateral plane. In the craniocaudal plane, the internal diameter of the diaphysis 
tapered gradually. The mid-point was on average 90% of the proximal third internal 
diameter. The mean distal third internal diameter was 79% of the mid-point internal 
diameter and 70% of the proximal third respectively. 
 
Cortical bone thickness 
The cortical thicknesses of the radius and ulna at the measurement levels are reported in 
tables 5 and 6 respectively. 
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Table VI-5. The cortical thickness of the radius at the measurement levels reported as mean 
(95% CI) in mm. Cr – cranial. Ca – caudal. M – medial. La – lateral. 
Level Direction Measurement (mm) 
Radial head 
Cr 1 (0.91-1.09) 
Ca 1.2 (1-1.39) 
M 1.32 (1.03-1.61) 
La 0.81 (0.69-0.92) 
Radial neck 
Cr 0.82 (0.74-0.9) 
Ca 1.05 (0.93-1.17) 
M 1.62 (1.45-1.78) 
La 1.23 (1.11-1.35) 
Proximal 1/3 
Cr 1.3 (1.14-1.45) 
Ca 1.2 (0.61-1.8) 
M 1.8 (1.6-2) 
La 1.77 (1.59-1.96) 
Middle 
Cr 1.25 (1.15-1.34) 
Ca 1.09 (0.96-1.22) 
M 1.73 (1.59-1.88) 
La 1.55 (1.41-1.69) 
Distal 1/3 
Cr 1.27 (1.16-1.38) 
Ca 1.13 (1.08-1.18) 
M 1.6 (1.44-1.76) 
La 1.36 (1.18-1.54) 
Radial trochlea 
Cr 0.8 (0.66-0.94) 
Ca 0.8 (0.66-0.94) 
M 0.97 (0.88-1.05) 
La 0.96 (0.83-1.08) 
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Table VI-6. The cortical thickness of the ulna at the measurement levels reported as mean 
(95% CI) in mm. Cr – cranial. Ca – caudal. M – medial. La – lateral. 
Level Direction Measurement (mm) 
Olecranon 
Cr 0.79 (0.66-0.91) 
Ca 1.69 (1.41-1.98) 
M 0.73 (0.59-0.87) 
La 0.83 (0.71-0.96) 
Coronoid 
Cr 4.72 (4.39-5.06) 
Ca 3.17 (2.87-3.46) 
M 1.21 (1.14-1.29) 
La 3.58 (3.25-3.91) 
Proximal 1/3 
Cr 2.03 (1.89-2.18) 
Ca 3.4 (3.15-3.66) 
M 1.23 (1.07-1.39) 
La 1.01 (0.93-1.08) 
Middle 
Cr 1.26 (1.14-1.38) 
Ca 2.24 (1.86-2.61) 
M 1.32 (1.22-1.42) 
La 1.11 (0.94-1.28) 
Distal 1/3 
Cr 1.49 (1.35-1.62) 
Ca 1.29 (1.08-1.5) 
M 1.23 (1.13-1.32) 
La 1.05 (0.97-1.13) 
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The radial head caudal and medial cortices were thicker than the cranial and lateral 
cortices. The radial neck had thicker medial and lateral cortices than the cranial and caudal 
cortices. The medial and lateral cortices were consistently thicker throughout the radial 
diaphysis and radial trochlea compared to the cranial and caudal cortices at each 
respective level. 
 
The olecranon cortices were relatively similar thicknesses, except for the caudal cortex 
which was at least a mean 241% thicker than the rest. The cranial cortex at the level of the 
coronoid processes were on average 150% thicker than the caudal cortex and 390% and 
132% thicker than the medial and lateral cortices respectively. The caudal cortex at the 
level of the proximal third of the ulnar diaphysis was the thickest. It was a mean 168% 
thicker than the cranial cortex and approximately 3 times as thick as the medial and lateral 
cortices. At the middle of the ulnar diaphysis, the caudal cortex was a mean 203% thicker 
than the lateral cortex and 176% thicker than the cranial cortex respectively. The caudal 
cortex was a mean 171% thicker than the medial cortex. The cranial cortex at the distal 
third of the ulnar diaphysis was a mean 142%, 122% and 142% thicker than the lateral, 
medial and caudal cortices respectively. 
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F. Discussion 
 
We documented the lengths, internal and external diameters, cancellous bone volume and 
extent, and cortical bone thicknesses in the feline radius and ulna using computed 
tomography in a cohort of normal cats. Anatomic texts1,2,4,21 only describe the surface 
anatomy of the domestic feline antebrachium and although previous studies have 
compared the length of the radius and ulna of domestic cats to those of other felids15,22, 
none have described the morphometry of the feline antebrachium or the volume and 
distribution of the cancellous bone using computed tomography. Computed tomographic 
measurement of bones using OsiriX ®d MPR has previously been validated as an accurate 
and repeatable measurement tool that was non-inferior to digital Vernier calliper 
measurements of bone manually6,23. Those studies were performed using 16 and 256-slice 
CT machines capable of isotropic resolution in reformatted multiplanar images and may not 
be replicated in less advanced machines. A study on the agreement and repeatability of 
single-slice CT imaging in measuring vertebral body lengths in three canine cadavers 
compared to calliper measurements24 found that vertebral body length measured from 
single-slice CT images overestimated vertebral body length by a mean 2.2 mm when 
compared to callipers. That study was limited in that only three dogs were measured.  
Furthermore, the CT images obtained in that study had a slice thickness of 4 mm with no 
slice overlap, which limited the spatial resolution and increased the effect of partial volume 
averaging. In contrast, our study utilised 1mm slice thickness with 0.5mm overlap which 
has previously been demonstrated to decrease the effects of partial volume averaging25,26. 
Similar technology has been used to accurately assess CT reconstructions of joint spaces in 
the canine elbow which strongly agreed with frozen section calliper measurements with 
mean variation of 0.15 mm27. 
 
Our findings were similar to reports in anatomic texts1,2,4,21, which showed that cancellous 
bone distribution was concentrated around the metaphyses of the radius and ulna in cats. 
There were considerable volumes of cancellous bone in the distal radius and proximal ulna. 
Interestingly, there was almost a centimetre of cancellous bone extending from the ulnar 
styloid process although this still represented a small volume of cancellous bone. Inserting 
intramedullary pins into this distal ulna cancellous bone may be clinically useful. It has been 
proposed that cancellous bone provides a high friction, high surface area pin-bone 
interface that may decrease the risk of pin loosening and migration28,29. 
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We found the cancellous bone volume in the radial head was small compared to the other 
metaphyseal regions measured, and extended only 3.60 mm (3.28 - 3.92 mm) from the 
articular surface, which corresponds to the start of the radial neck. The radial neck is small 
but rather prominent in cats and attaches the head to the shaft of the radius in cats. It is 
located a few millimetres distal to the radioulnar (articulatio radioulnaris proximalis), 
humeroulnar (articulatio humeroulnaris) and humeroradial (articulatio humeroradialis) 
joints. The distal border of the radial neck was delineated by the radial tuberosity 
(tuberositas radii), which flared from the caudolateral aspect of the bone and represents 
the insertion point of the biceps brachii muscle1,2.  
 
The cortical thickness of the radius was relatively homogenous throughout its length. For 
the orthopaedic surgeon, this finding suggests that in mature cats, the radial diaphyseal 
cortices should provide predictable and consistent purchase for orthopaedic implants along 
its entire length. In contrast, ulna cortical thicknesses varied markedly by location which is 
likely a reflection of the shape of the ulna and insertions of soft tissue attachments. It has 
been shown that areas of cortical and trabecular bone under dynamic physiological loads, 
such as subchondral bone and ligamentous or tendinous insertions have the capacity to 
remodel in response to use30,31. Trabecular bone remodels in response to forces acting on 
the bone in accordance with Wolff’s law32,33. We have observed that the cortices of the 
feline antebrachium were generally thicker in regions of high dynamic loads and points of 
ligamentous or tendinous attachments. The olecranon cortical thicknesses were similar 
except for the caudal cortex, which was at least a mean 241% thicker than the other 
cortices and coincides with the insertion point of the triceps tendon, which is subjected to 
higher tensile forces. The cranial cortex at the level of the coronoid processes was a mean 
150% thicker than the caudal cortex and a mean 390% and 132% thicker than the medial 
and lateral cortices respectively. We observed that the caudal cortices of the ulnar 
diaphysis were generally thicker than the other cortices. This finding is likely representative 
of the triangular cross section of the ulna at these levels, which has its apex caudally and is 
the origin of the ulnar head of the deep digital flexor (m. flexor digitorum profundus, caput 
humerale) muscle1,2,4,21. 
 
This study was a preliminary descriptive study of the feline antebrachial morphometry and 
has several limitations. The data reported here are representative of a specific cohort of 
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cadaveric, mature, domestic short- haired cats, and does not provide findings for juvenile 
or geriatric cats. Data from other cohorts is expected to be different and thus age may 
create distinctive cohorts for comparison. Our data will provide anatomic information 
useful to researchers, particularly for orthopaedic research on mature cats.  Visual and 
radiographic inspection of the animals prior to inclusion in this study eliminated animals 
with skeletal disease or that were immature. All of the cats used in this study were 
skeletally mature but the exact age, reproductive and nutritional status were not known. 
These factors can affect bone quality, bone development and cancellous bone volume and 
is a limitation of this study.  
 
Previous studies looking at the effect of gonadectomy on cat skeletal development are 
contentious. One study found no significant differences between the sexes or between 
the time of gonadectomy on the mature length of the radius, although physeal closure 
was delayed in gonadectomised animals34. Another study found that gonadectomised cats 
had longer radial lengths compared to intact controls at 24 months of age35. All of the cats 
used in this study were skeletally mature, and although the reproductive status of the 
female cats was unknown, this may have contributed some variability to our results. It has 
been reported that cats have a paw preference similar to handedness in people36–40. It is 
feasible then, that continual preferential use of a limb may affect bone quality and size 
however this effect is likely to be insignificant in normal cats which weight bear 
symmetrically between left and right sides. Previous studies on paw preference in cats 
have used reaching tests to determine the effect of sex on limb use with conflicting and 
contradictory results38–40, which suggests that the effect is small, if present at all. One 
kinetic study of cat limb use measured by a pressure sensitive mat, found that there was 
no significant difference between males and females on preferential use of left or right 
limbs41. That study also found that whilst males had longer limbs which correlated to 
longer stride length, it was cat body size and not sex which influenced limb use. Therefore, 
the physical size of the cats in this study, rather than sex, ‘handedness’, reproductive or 
nutritional status should be considered the most important physical modifier of limb 
length; although these attributes undoubtedly contribute to each individual’s phenotype. 
Without knowing the history of each cat, it would be difficult to speculate on the effect of 
these attributes on the measurements obtained in this study. Whilst the number of cats in 
this study was small, there was no difference between left and right sided measurements, 
and as such, the data were pooled to describe the bone morphometry for this cohort. 
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Attempts at discerning left and right sided differences were not made as there is no 
reason to believe it would be different, and without knowing any paw preference of the 
cats, this would be a presumptive, arbitrary division at best. The data reported are 
absolute measurements rather than a normalised proportion, which makes interpretation 
and extrapolation straight forward and of use for future reference. Whilst it would have 
been feasible to normalise the data to a specific regional structure (e.g. vertebral length) 
or measurement such as weight, we believe that the utility of the data would have been 
limited by such manipulation. One technical limitation of this study was the CT slice 
thickness. We found that a reconstructed 0.5 mm CT slice limited resolution of the 
subchondral bone due to the adjacent anatomy and curvature of the articular surfaces. 
Micro-CT would offer slice thickness as small as 40 µm and has been used in cats to study 
auditory ossicles in situ42. This modality could have facilitated the accuracy of measuring 
the juxta-articular bone diameter. Obtaining bone density measurements would have 
enhanced our study. Although dual-energy X-ray densitometry (DEXA) has been 
performed in cats with metabolic43 and storage disease44, there is currently no data for 
normal cats.  
 
Our study has described the lengths, internal and external diameters, cortical bone 
thickness, and bone volume and extent for the radius and ulna from a cohort of mature 
feline cadavers. Our morphometric description of the radius and ulna provides 
information that can serve as a useful reference for future studies into regional anatomy 
and pathology, or for orthopaedic research and clinical applications. 
I   CR X-35 AGFA system, Scoresby, Victoria, Australia 
II  AGFA IMPAX client, Scoresby, Victoria, Australia 
III Emotion DUO, Siemens, Victoria, Australia 
IV OsiriX 64 ® v 5.7.1, http://www.OsiriX-viewer.com/index.html 
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B. Abstract 
 
Objective: This study compared the biomechanical properties of dual bone fixation (DBF) 
constructs to radial locking compression plating (LCP) in an ex vivo feline antebrachial 
fracture gap model. 
Study design: Ex vivo study. 
Sample population: 12 pairs of cadaveric feline antebrachii. 
Methods: We hypothesized that DBF constructs would have higher failure loads and 
stiffness in axial compression, mediolateral and caudocranial bending compared to radial 
plating alone. Twelve antebrachii were radiographed to confirm normal skeletal 
appearance and maturity. Antebrachii received one of three constructs using an 
incomplete randomized block design (n=8/group). All groups had a 10-hole 2.0mm LCP 
radial plate (P). DBF groups had either P with 1.2mm ulnar IM pin (PI), or P with an 8-hole 
2.0mm LCP ulnar plate (PP). Biomechanical testing was performed on all constructs in axial 
compression, caudocranial and mediolateral 4-point bending prior to destruction in axial 
compression. Results: DBF constructs (PI and PP) were significantly stiffer (P=.001) than P in 
axial compression (means, P=199 N/mm, PI=368 N/mm, PP=434 N/mm) and caudocranial 
bending (means, P=55 N/mm, PI=140 N/mm, PP=161 N/mm). There was no difference 
between PI and PP in axial compression and caudocranial bending (P=.28) or between any 
construct in mediolateral bending (P=.72). Failure load was significantly greater for PP 
(mean, 446 N) than PI (mean, 178 N, P=.001) and PP and P (mean, 128 N, P=.001) 
respectively. There was no difference between PI and P failure loads (P=.45). 
Conclusions: Our results showed that DBF significantly increased construct stiffness and 
strength. Given the high complication rate reported in cat antebrachial fractures when only 
the radius is stabilized, the surgeon should consider using DBF.  
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C. Introduction 
 
Cats have unique forelimb structural and functional characteristics which may influence 
clinical outcomes after repair of antebrachial fractures. Radius and ulna fractures account 
for 2-14% of long bone fractures in cats1,2 with one study reporting the frequency of 
fractures in the proximal and mid diaphysis as 25% and 57% respectively.3 Normal cats 
carry 48% of body weight through their forelimbs at a walk but this is magnified to 149% 
when jumping from a 1m height.4 An intra-articular ex vivo force mapping study in dogs5 
demonstrated that the ulna shares 49% of load in the elbow, which is more than previously 
reported.6,7 This may indicate that stabilization of the ulna in proximal to mid-antebrachial 
fractures may be warranted.  
 
The current standard of care in people is to stabilize both radial and ulnar fractures of the 
forearm with dual bone fixation (DBF).8–10 Routine DBF methods for the radius and ulna in 
people includes IM pins,11 radial plating and ulnar IM pinning10 and plating of both the 
radius and ulna.8,9 When plating of the radius and ulna was compared to radial plate and 
ulnar IM pin constructs in people, no difference was found in range of motion, time to 
union and complications, suggesting that both DBF methods gave suitable clinical 
outcomes.10 DBF of cat antebrachial fractures using radial and ulnar bone plates,12,13 radial 
plate and ulnar intramedullary pin3,13,14 and external fixators3 have been described in 
clinical reports, however the biomechanics of DBF have not been investigated. DBF using a 
radial plate and ulnar pin are biomechanically dissimilar and should not be confused with 
plate-rod constructs which are applied to a single bone.3,14–16 
  
Cats have a more pliable and extensive interosseous membrane than dogs,17,18 which in 
part contributes to approximately double the range of supination (range 90-128°) and 
pronation (range 40-50°).17,19–21 Like people, cats must maintain their antebrachial range of 
motion to be able to perform everyday functions such as grooming, climbing and hunting. 
In people, after fracture of both the radius and ulna, restoration of normal radial 
alignment22,23 and maintenance of the interosseous membrane24–27 help retain antebrachial 
range of motion. The interosseous membrane is also an important structure in people that 
provides axial stability to the antebrachium and limits relative axial movement between the 
radius and ulna.24,25 It is not known whether the feline interosseous membrane provides 
similar resistance to axial loads as in people.  
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Since cats have a similar range of motion to people, it is possible that increased rotational 
and axial movement between the radius and ulna in cats may increase complications, 
suggesting that only stabilizing the radius in antebrachial fractures may be inadequate. 
Surgical stabilization of the radius only in antebrachial fractures in the cat has been 
described using veterinary cuttable plates,3,28 dynamic compression plates,3,29 limited 
contact dynamic compression plates,28 locking plate systems30 and external fixators.3,31,32 
Several studies however have reported major complication rates in the range of 12.5-31% 
in antebrachial fractures in cats2,3,32,33 which are not dissimilar to the 0-18% reported in 
small breed dogs.34–36 Recently, a retrospective study of antebrachial fracture management 
in 26 cats found that DBF resulted in a lower surgical revision rate (1/8, 12.5%) compared 
to single (radial) bone fixation (5/18, 27.8%).3 The authors of that study suggested that it 
was feasible that dual bone fixation of cat antebrachial fractures may provide additional 
stability, although biomechanical studies to support this were lacking.  
 
The objective of this study was to compare the biomechanical properties of 3 different 
constructs in an ex vivo, feline antebrachial fracture gap model. Our hypothesis was that 
DBF constructs would have higher failure loads and stiffness in axial compression, 
mediolateral and caudocranial bending compared to radial plating alone.  
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D. Materials and Methods 
 
Study design 
The study was a balanced incomplete block design blocked by cat. The three treatments 
were distributed across blocks with a total number of eight replicates per construct. Each 
treatment was applied to four left and four right limbs. Cadavers that met the inclusion 
criteria were assigned to a block and numbered. Ethical approval of this study was obtained 
in accordance with our institution’s animal welfare policies.  
 
Sample selection and preparation 
Twelve paired forelimbs were harvested from cats euthanized for reasons unrelated to this 
study. All cats were sexed and weighed prior to inclusion in the study. Visual inspection of 
the limbs was performed to screen for gross pathology. Orthogonal radiographs of each 
antebrachium were taken to confirm normal radiographic appearance and skeletal 
maturity (CR X-35 AGFA system, Scoresby, Victoria, Australia). The antebrachii from each 
cadaver were disarticulated at the antebrachiocarpal and shoulder joints after radiography. 
The muscles of the forelimb were then dissected away leaving only the elbow ligaments, 
joint capsule and the interosseous membrane in situ. The limbs were then wrapped in 
saline moistened gauzes and frozen (-20°C) for later use.  
 
Potting 
Limbs were defrosted over 24 hours in a cool room at 10°C. A customized jig was 
constructed to facilitate potting with cold-cure polymethylmethacrylate (PMMA) (PMMA, 
Vertex-Dental B.V. Asia Pty Ltd, Singapore). To increase purchase of the PMMA with the 
bones of the antebrachium, several short (4-5 mm long) 1.2 mm K-wires (INKA Surgical 
Instrumentation, Jandakot, Australia) were drilled obliquely through the most proximal and 
distal aspects of each bone with care taken not to impede the medullary canal or contact 
the adjacent bone (Fig 1). The antebrachii were wrapped in saline moistened swabs at all 
times to prevent desiccation. After the antebrachii were potted they were frozen at -20°C. 
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Constructs  
The specimens were defrosted over 24 hours in a cool room at 10°C prior to implant 
placement and testing. Every antebrachium (n=8/group) had a Synthes® 10-hole 1.5/2.0 
mm locking compression plate (LCP) (Synthes GmbH, Oberdorf, Switzerland) placed on the 
cranial aspect of the radius (P) with a uniform 1 mm bone-implant distance provided by a 
spacer (Fig 1). All implants were applied by the same investigator.  
 
Figure VII-1. Lateromedial radiograph of three constructs. A) Radial plate. B) Radial plate 
and ulnar pin. C) Radial plate and ulnar plate. K-wires are present proximally and distally to 
increase bone – cement interface. 
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The screw holes were labelled 1-10 for the radial plate, and 1-8 for the ulnar plate with the 
most proximal hole numbered 1. The stacked hole was oriented distally in all constructs. 
Holes 5 and 6 were centered over the midpoint of the radius. Four 2.0 mm diameter, 8 mm 
long self-tapping locking screws (Synthes GmbH) were manually placed in the radius in the 
order of 10,1,7 and 4. All screws were hand tightened (T6 screwdriver, Synthes GmbH). A 
5mm radial and ulna ostectomy centered over the calculated mid-point of the radius (and 
holes 5 and 6) was performed using a hand saw (0.4 mm Hard Back Saw, Veterinary 
Instrumentation, Sheffield, UK).37  
 
For constructs with a radial plate and ulnar pin (PI) (Fig 1), a 1.2mm K-wire (60% of ulna 
internal diameter) (INKA Surgical Instrumentation) was inserted normograde from the 
olecranon into the distal cancellous bone after application of the radial plate and 
ostectomy with a powered drill (Makita 18V Cordless Drill, Makita Corporation, Anjo City, 
Japan).  
  
For the radial plate and ulnar plate (PP) constructs (Fig 1), a Synthes® 8-hole 1.5/2.0 mm 
LCP (Synthes GmbH) was applied to the lateral aspect of the ulna in addition to the 
standard radial plate. Holes 4 and 5 of the ulnar plate were centered over the fracture gap. 
The stacked hole was always oriented distally and the implant applied in the same method 
as for the radius. Four 2.0 mm diameter 7mm self-tapping locking screws (Synthes GmbH) 
were manually placed (T6 screwdriver, Synthes GmbH) in the ulna and tightened in the 
order of 8 and 1, then 6 and 3.  
 
Biomechanical testing 
Samples were tested in a random order by cat. The left antebrachium of the cat was always 
tested first. Samples were tested in the order of mediolateral bending, caudocranial 
bending and axial compression using ramp loading. The samples were finally tested in axial 
compression to failure.  
  
119 
 
4-point bending 
Four-point bending was tested in a custom-made testing jig by a servohydraulic mechanical 
materials testing machine (Instron 5848, Norwood, MA, USA). Based on the results of 
previous studies,38,39 our goal was to remain within the elastic limits of our plates during 
bending so a bending moment of 0.4Nm was chosen. A 100 N load cell was used for all 
bending testing. The constructs were tested in mediolateral and then caudocranial bending 
in position control using a 10 mm/min advancement rate to a maximum bending moment 
of 0.4Nm (40N) and then unloaded. This was defined as a cycle. Each construct had 5 cycles 
of testing per orientation. All data were recorded at 40Hz (BlueHill® software, v2.19, 
Instron). Stiffness (N/mm) was derived from the slope of the linear elastic portion of the 
load-deformation curve between 35-39N from the third load-unload cycle and recorded. 
 
Axial compression 
Axial compression was conducted on a materials testing machine (Instron 5566) under 
position control using a 10kN load cell. The potted samples were loaded through spherical 
bearings at each end. Custom three dimensional (3D) printed sleeves were produced to fit 
the aluminum collars of the samples to align them on the bearings. Each sample was tested 
for 3 cycles using position control (10 mm/min advancement rate) and data sampled at 
40Hz (BlueHill® software, v2.5, Instron) to a maximum axial compression load of 72N and 
then unloaded. All constructs remained within their elastic properties during testing. Axial 
stiffness (N/mm) of each construct was calculated automatically from the third test cycle’s 
slope of the linear elastic portion of the load-deformation curve.  
Destructive testing 
After non-destructive testing was completed, all constructs were loaded under axial 
compression at 10mm/min until failure of the construct, defined as significant deviation 
from the linear load/displacement curve. Failure load (N) was recorded at the elastic limit 
on the load –deformation curve. 
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Statistical methods 
In order to detect an effect size as small as 1.5, eight replicates per treatment were 
required with a priori alpha set at 0.05, and power at 0.80. With three treatment groups, 
24 antebrachii were required.  
 
The response variables (mediolateral bending stiffness, caudocranial bending stiffness, axial 
compression stiffness and failure load) were considered continuous and found to follow a 
normal distribution with failure to reject the null hypothesis of normality using the Shapiro-
Wilk statistic. The responses were summarized for each construct as mean and 95% 
confidence interval.  
 
The responses were tested for a fixed effect of construct using a mixed linear model based 
on the balanced incomplete block design with cat as a random variance. Where there was 
significant effect of construct at P=.05, post-hoc comparisons across treatments were made 
using Tukey’s adjustment to maintain type I error at 0.05. The adjusted P value is reported. 
SAS 9.3 was used for the analysis (SAS Institute, Cary, NC).  
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E. Results 
 
The cats (7 females of unknown desexing status; 5 males, 2 intact, 3 castrated) had a mean 
weight of 4.8 kg (95% CI 4.2-5.3 kg). Ninety-one of the total 96 (95%) radial screws were 
bicortical. Seven of the total 32(22%) of the ulnar screws were bicortical. All constructs 
failed by plastic deformation without implant failure or bone fracture during destructive 
testing.  
 
Failure load 
There was a significant effect of construct on failure load (P=.0001) (Table 1). The PP failure 
load was significantly higher (P=.0002) than PI.  PP failure load was significantly higher 
(P=.0001) than P. There was no significant difference (P=.45) in failure loads between PI 
and P. No implant failed prior to reaching the elastic limit of the construct.  
 
Axial compressive stiffness  
There was a significant effect of construct on axial stiffness (P=.0006) (Table 1). The PP axial 
compressive stiffness was significantly higher (P=.0006) than P. The PI axial compressive 
stiffness was significantly higher (P=.0006) than P. There was no significant difference 
(P=.29) in axial compressive stiffness between PP and PI.  
 
Mediolateral bending stiffness 
There was no significant effect of construct on mediolateral bending stiffness (P=.72) (Table 
1).  
 
Caudocranial bending stiffness 
There was a significant effect of construct on caudocranial stiffness (P=.006) (Table 1). The 
PP caudocranial stiffness was significantly higher than P (P=.007) and for PI than P (P=.02). 
There was no significant difference (P=.76) between PP and PI. 
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Figure VII-2 Failure under axial compression load-displacement curves for A) Radial plate. B) 
Radial plate and ulnar pin. C) Radial plate and ulnar plate. 
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Figure VII-3 Axial compression load-displacement curves for A) Radial plate. B) Radial plate 
and ulnar pin. C) Radial plate and ulnar plate. 
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Figure VII-4 Four-point bending load-displacement curves for A) Radial plate. B) Radial plate 
and ulnar pin. C) Radial plate and ulnar plate. 
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Table VII-1. Mean (95% confidence interval) failure load, axial compression stiffness, 
mediolateral (ML) and caudocranial (CC) bending stiffness of radial plate (P), radial plate 
and ulnar pin (PI) and radial plate and ulnar plate (PP) constructs.  There was a significant 
effect of construct when P<.05. 
Construct Failure load  
(N) 
Axial compression 
(N/mm) 
ML bending  
(N/mm) 
CC bending  
(N/mm) 
P 128.1 a 
(93.7-162.6) 
199.5 a 
(127.0-272.0) 
149.5 
(118.1-180.9) 
55.4 a 
(45.3-65.5) 
PI 178.4 a 
(128.2-228.5) 
367.6 b 
(277.1-458.0)  
122.4 
(103.3-141.4) 
140.4 b 
(95.2-185.6) 
PP 445.7 b 
(346.4-544.9) 
434.3 b 
(403.0-465.6)  
134.2 
(86.7-181.8) 
161.2 b 
(93.3-229.0) 
P-value <.0001 .0006 .72 .006 
 
*Within each column, means with the same superscripts are not significantly different 
(Tukey adjusted P<0.05) 
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F. Discussion 
 
Our aim was to compare the stiffness and failure properties of DBF to radius only 
constructs in a cat antebrachial fracture gap model. We demonstrated a significant increase 
in DBF axial compression and caudocranial bending stiffness compared to radial plating 
alone. We also demonstrated that the plated radius and ulna constructs had significantly 
increased failure loads compared to any other construct.  
 
Despite the area moment of inertia of the ulnar plate being exponentially greater than the 
area moment of inertia of the ulnar pin, when tested within the elastic limits of the 
construct, the ulnar pin performed well by increasing construct stiffness when compared to 
radial plating alone. We found DBF outperformed radial plating alone in compression and 
craniocaudal bending, but there was no statistical difference between PP and PI in these 
tests. This might be explained by variable contact of the IM pin along the endosteum 
effectively changes the working length of the pin and biomechanical properties of the 
construct. For example, if the IM pin was closely in contact with the endosteum near the 
fracture gap, then the working length of the pin is reduced and hence stiffness of the 
construct increases. We found no significant difference between any construct in 
mediolateral bending, which may be due to increased area moment of inertia and stiffness 
of the radial plate in this bending plane and effective protection of the ulnar implants from 
loading. Axial compressive failure load results showed that PP constructs were significantly 
stronger than both the PI and P constructs respectively. The exponential increase in area 
moment of inertia of the ulnar plate, as well as increased bone purchase and resistance to 
compressive, bending and torsional forces inherent to plate constructs may explain this 
finding. There was no significant difference between PI and P failure loads, despite there 
being a significant difference between PI and P stiffness in axial compression. When loaded 
to failure in axial compression, all constructs bent similarly with the cranial aspect of the 
antebrachium displacing cranially. In this scenario, the ulnar pin should be resistant to 
bending and have resulted in higher failure loads compared to plating alone. Despite having 
nearly 40% increase in mean failure load, there was no statistically significantly difference 
between PI and P. We suspect this finding was due to variability of the ulnar pin endosteal 
contact and consequently reduced resistance to load once the radial plate had failed in the 
PI group. Another explanation for the lack of difference between PI and P in destructive 
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axial compression testing could be that the proximal ulna telescoped along the pin, thus 
adding little to axial failure loads. 
 
Our findings might help to explain the findings of two retrospective clinical studies.3,40 The 
biggest functional difference between canine and feline antebrachii, is that the felines have 
approximately double the pronation and supination range of motion.17,20,21 It is possible 
that the increased range of motion of the feline antebrachium may increase the relative 
movement between the radius and ulna fracture sites, thus increasing inter-fragmentary 
strain and the potential for major complications such as non-union.3,17,21 The overall 
incidence of non-union in cats has been reported in one study of 344 fractures as 4.3%.2 
Several studies however have reported major complication rates in the range of 12.5-31% 
in antebrachial fractures in cats2,3,32,33 which are not dissimilar to the 0-18% reported in 
small breed dogs.34–36 Stabilization of the radius only in cats with mid-antebrachial fractures 
using type II external skeletal fixators (ESF) and a proximal diaphyseal fracture of the ulna 
are reported risk factors for development of non-unions in cats.2 Furthermore, the use of 
external coaptation as the primary mode of fracture stabilization in cat antebrachial 
fractures has been associated with 4/13 cases developing non-union in one report.33 In 
contrast, in a case series of 26 cats with radius and ulna fractures, surgical revision was 
required in 5/18  cases where single bone fixation was used compared with only 1/8  using 
DBF.3 A study in eight dogs using minimally invasive DBF reported excellent clinical 
outcomes in all eight cases, however six of the eight dogs required ulnar pin removal after 
fracture healing due to soft tissue irritation or infection.40 The authors of that study40 
speculated that their favourable outcomes without any radial implant complications was 
because the ulnar implant provided extra stiffness and strength. The results of our study 
support the clinical findings of these studies, which found that dual bone fixation of the 
antebrachium increases stiffness and strength of the fracture repair. 
 
Biomechanical testing on paired bones represents a unique challenge. In our model, all of 
the ligamentous and membranous attachments between the bones were maintained. The 
antebrachii were potted specifically to retain the relationship between the bones while 
uniformly loading them during testing. This meant that the radius and ulna could not move 
independently and may not replicate in vivo conditions. When the antebrachium is axially 
loaded during weight bearing, forces are transferred via the humeroradial and 
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humeroulnar joints. Historically, the radius had been thought to transmit 80% of the 
antebrachial load.6,41 A recent canine study5 mapped the intra-articular loads of a normal 
canine elbow, and reported that the radius is subjected to 51% of the load. The exact loads 
at the humeroradial and humeroulnar joint in cats remains unknown, however it is feasible 
that the ulna contributes significantly more to transferring forces during weight bearing 
than previously thought.  
 
There are several limitations to this study. Although no constructs failed by bone fracture, 
Dual Energy X-ray Absorptiometry (DEXA) on the limbs could have been performed to 
objectively determine differences (if any) of bone mineral density in this cohort of cats for 
whom age, nutritional status prior to death and neuter status were mostly unknown. 
Previous DEXA studies in cats have shown that bone mineral density is influenced by age, 
sex, nutritional and neuter status,42 which could have influenced implant purchase and 
stability, and hence results. In order to minimize intra and inter-sample differences such as 
bone mineral density as a source of error, we used a balanced incomplete block design and 
randomly selected cats in this study. In some instances, the radial screws did not engage 
bicortically, however no screws, irrespective of location, ever impinged upon the adjacent 
bone. In normal bone, bicortical locking screws do not improve screw fatigue failure or axial 
stiffness, but they do improve torsional stability (which we did not test) by increasing the 
working length of the screw.43–46 Hence, it is unlikely the inconsistent presence of bicortical 
screws affected our results. Torsional testing was not performed but would have provided 
some insight in the link between rotational instability between the radius and ulna and 
fracture non-unions in cats.3 In addition, the mechanical testing was quasi-static and not 
under fatigue (cyclic) conditions which would model the convalescent period more 
accurately. Whilst this study offers the ability to make relative comparisons across 
constructs, it cannot predict clinical outcome and prospective clinical studies comparing 
DBF to radial plating alone are warranted.   
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We found that in this model, DBF constructs (PP and PI) had a higher axial compression and 
caudocranial stiffness than radial plating alone (P). Both PI and PP constructs were not 
significantly different in axial compression and caudocranial bending, however PP 
constructs had a significantly higher failure load than any other construct. Our results 
suggest that DBF added significantly to construct stiffness and strength. Given the relatively 
high complication rate reported in cat antebrachial fractures when only the radius is 
stabilized, the surgeon should consider using DBF where possible.  
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 Conclusion 
 
The first aim of this research thesis was to describe the length, internal and external 
diameter, cancellous bone volume and extent and cortical bone thickness at 
predetermined levels of the radius and ulna in a cohort of skeletally mature and disease-
free cadavers using radiography and computed tomography (CT). This was successfully 
undertaken and the data from this phase provided a morphometric description of normal 
cat antebrachii and served as a reference for implant selection for the second phase. It was 
particularly interesting that there was a rather extensive collection of ~1cm of cancellous 
bone in the styloid process of the ulna. This is of particular clinical significance, as this distal 
ulna cancellous bone may provide increased intramedullary pin purchase and reduce the 
risk of migration.  It was technically feasible in the cohort of cats used in phase 2, to insert a 
1.2mm intramedullary pin normograde from the olecranon into the styloid cancellous bone 
bed, however this may not be the case in clinical scenarios. This 1.2mm pin represented a 
~60% filling of the internal diameter of the distal third of the diaphysis. The internal and 
external diameters of the radius and ulna were described and demonstrated that 
1.5/2.0mm Synthes locking plates and screws would be a suitable choice in similarly sized 
cats to stabilise fractures of the antebrachium. The limitation of plating however is that the 
dimensions of the ulna between the styloid and the distal third of the diaphysis tapers 
rapidly, which may preclude plating at such a distal location. Whilst the first phase of the 
study successfully described the morphometry of the cat antebrachium, there was no gross 
morphological evidence to suggest that the radius and ulna in cats should have any 
increased risk of complications in clinical situations.   
The second aim of this research was to compare the biomechanical properties of three 
different constructs in an ex vivo, feline antebrachial fracture gap model. We performed 
this study under the premise that dual bone fixation would increase construct stiffness and 
strength, which has been reported4,28 to reduce complications and is the standard of care in 
people, with whom cats share a similar range of antebrachial motion. We demonstrated 
that dual bone fixation constructs (PP and PI) were significantly stiffer in caudocranial four-
point bending and axial compression than radial plating alone (P), and found no significant 
difference between any construct in mediolateral bending. These results show that dual 
bone fixation of cat antebrachial fractures increases stiffness and supports clinical 
observations4,28. Whether use of similar constructs to those reported here directly 
influences the clinical outcomes in cats remains unknown. The question of how stiff a 
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construct must be to affect clinical union in cat antebrachial fractures has not been 
answered, yet a clinical trial using the constructs described herein would provide some 
insight. In people the importance of the interosseous membrane to antebrachial stability 
and dexterity is well established, however its role in the antebrachial axial stability and the 
effect damage to it has on fracture healing remains elusive. It does however make sense 
that given the similarities between people and cat’s antebrachial dexterity, that fracture 
management between the species should parallel each other. The major difference 
between people and cat’s antebrachial use is during weight bearing. In cats, post-operative 
confinement is essential to limit potential catastrophic failure. This research demonstrated 
that whilst dual bone fixation constructs (PP and PI) also failed at greater loads than radial 
plating alone (P), radial plate and ulnar plate (PP) constructs had significantly greater failure 
loads than any other construct (PI or P). Our failure results suggest that DBF constructs 
were, on average, able to withstand the equivalent of a 1.5m (PI) and 4m (PP) fall 
respectively. This assumes that 100% of the 4.8kg mass of the animal is loaded for an 
instant through the fractured limb whilst decelerating over 40cm using the equation: 𝐹 =
1
2
𝑚𝑣2
𝑑
 where m=mass, v=velocity at impact (i.e. height in metres x gravity acceleration). In 
contrast, the plate alone (P) would likely suffer catastrophic failure when landing from 
jumps greater than 1m in height. Our results suggest that dual bone fixation of the cat 
antebrachium may avoid potential catastrophic complications from acute implant failures 
in cats that are inadequately restricted during convalescence and is recommended in 
clinical scenarios.  
 
Our study strongly supports its adoption as the standard of care in cats with fractures of 
the radius and ulna, which mirrors the recommendations in people. 
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 Appendices 
A. Phase I 
1. Signalment Data 
Cat Sex Neuter status Mass (Kg) 
1 Female Unknown 3.26 
2 Female Unknown 2.55 
6 Female Unknown 3.57 
8 Female Unknown 2.91 
9 Male Neutered 4.24 
 
Mean Mass (kg) 3.31 
95%CI 2.74 - 3.87 
 
2. Cat Body Mass 
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3. Radiographic Measurements – Raw 
a) Radius 
 Radial Length 
Cat Radial Length (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 97.0 98.0 96.0 97.0 
2 93.3 92.7 92.4 91.6 
6 98.3 98.0 96.3 96.2 
8 98.0 98.1 96.7 97.0 
9 113.9 113.7 112.9 111.5 
     
     
Mean 100.10 100.10 98.86 98.66 
SD 7.97 7.95 8.04 7.52 
95% CI 93.12 - 107.08 93.14 - 107.06 91.82 - 105.9 92.07 - 105.25 
 
 Radial Head - External Diameter 
Cat Radial Head External Diameter (mm) 
  Craniocaudal  Mediolateral 
  R L R L 
1 5.1 5.3 7.9 8.0 
2 5.4 5.7 7.2 7.0 
6 5.6 5.7 7.9 7.8 
8 6.0 5.8 7.7 7.9 
9 7.4 7.7 9.8 9.3 
     
     
Mean 5.90 6.04 8.10 8.00 
SD 0.90 0.95 0.99 0.83 
95% CI 5.11 - 6.69 5.21 - 6.87 7.23 - 8.97 7.27 - 8.73 
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 Radial Neck - External Diameter 
Cat Radial Neck External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 4.2 4.8 4.6 5.7 
2 4.1 4.4 4.4 3.7 
6 3.8 4.0 5.0 5.1 
8 5.2 5.0 5.1 5.1 
9 5.3 4.6 6.2 6.2 
     
     
Mean 4.52 4.56 5.06 5.16 
SD 0.68 0.38 0.70 0.94 
95% CI 3.92 - 5.12 4.22 - 4.9 4.45 - 5.67 4.34 - 5.98 
 
 Radius Proximal Third - External Diameter 
Cat Radius Proximal Third External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 4.4 6.9 4.9 8.0 
2 4.4 4.7 4.7 5.0 
6 4.7 4.7 5.2 5.4 
8 4.9 4.7 5.2 5.0 
9 6.1 5.8 6.5 6.1 
     
     
Mean 4.90 5.36 5.30 5.90 
SD 0.70 0.98 0.70 1.26 
95% CI 4.28 - 5.52 4.5 - 6.22 4.68 - 5.92 4.8 – 7.00 
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 Radius Middle - External Diameter 
Cat Radius Middle External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 4.8 6.9 5.2 7.3 
2 4.6 4.4 5.2 5.0 
6 5.0 4.6 5.2 5.8 
8 5.2 4.6 5.1 4.9 
9 6.1 5.8 6.5 6.1 
     
     
Mean 5.14 5.26 5.44 5.82 
SD 0.58 1.07 0.59 0.97 
95% CI 4.63 - 5.65 4.32 - 6.20 4.92 - 5.96 4.97 - 6.67 
 
 Radius Distal Third - External Diameter 
Cat Radius Distal Third External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 4.9 6.7 5.0 7.0 
2 4.8 4.3 4.6 5.0 
6 5.2 5.1 5.2 5.6 
8 5.3 4.8 4.7 4.6 
9 6.1 6.1 6.5 6.5 
     
     
Mean 5.26 5.40 5.20 5.74 
SD 0.51 0.98 0.76 1.00 
95% CI 4.81 - 5.71 4.54 - 6.26 4.53 - 5.87 4.86 - 6.62 
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 Radial Trochlea - External Diameter 
Cat Radial Trochlea External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 9.1 9.4 10.0 11.0 
2 8.7 10.0 10.1 10.0 
6 8.7 8.8 11.0 10.4 
8 9.6 9.5 10.6 10.6 
9 9.6 9.3 11.2 10.2 
     
     
Mean 9.14 9.40 10.58 10.44 
SD 0.45 0.43 0.53 0.38 
95% CI 8.75 - 9.53 9.02 - 9.78 10.11 - 11.05 10.1 - 10.78 
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b) Ulna 
 Ulna Length 
Cat Ulna Length (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 112.2 112.6 111.4 113.6 
2 108.9 107.7 107.7 107.2 
6 114.7 114.1 114.1 114.0 
8 109.2 110.0 109.3 110.0 
9 135.2 133.5 135.2 132.2 
     
     
Mean 116.04 115.58 115.54 115.40 
SD 10.97 10.31 11.25 9.80 
95% CI 106.42 - 125.66 106.54 - 124.62 105.68 - 125.4 106.81 - 123.99 
 
 Olecranon - External Diameter 
Cat Olecranon External Diameter (mm) 
  Craniocaudal  Mediolateral 
  R L R L 
1 9.8 10.0 5.7 5.8 
2 9.0 9.2 5.9 5.7 
6 9.7 10.0 5.4 5.8 
8 8.8 8.6 6.0 5.8 
9 11.4 11.1 7.2 6.8 
     
     
Mean 9.74 9.78 6.04 5.98 
SD 1.02 0.94 0.69 0.46 
95% CI 8.84 - 10.64 8.95 - 10.61 5.44 - 6.64 5.58 - 6.38 
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 Ulna Coronoid - External Diameter 
Cat Ulna Coronoid  External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 9.3 9.1 8.6 8.5 
2 8.5 8.9 8.9 9.6 
6 9.6 9.5 8.6 9.3 
8 9.5 9.3 10.5 10.3 
9 12.8 13.2 11.1 10.8 
     
     
Mean 9.94 10.00 9.54 9.70 
SD 1.66 1.80 1.18 0.89 
95% CI 8.49 - 11.39 8.42 - 11.58 8.51 - 10.57 8.92 - 10.48 
 
 Ulna Proximal Third - External Diameter 
Cat Ulna Proximal Third  External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 8.5 7.2 8.3 7.7 
2 6.5 6.7 6.5 7.2 
6 6.3 6.8 5.8 6.6 
8 6.6 6.7 7.5 7.5 
9 9.1 9.0 8.0 7.6 
     
     
Mean 7.40 7.28 7.22 7.32 
SD 1.30 0.98 1.05 0.44 
95% CI 6.26 - 8.54 6.42 - 8.14 6.3 - 8.14 6.93 - 7.71 
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 Ulna Middle - External Diameter 
Cat Ulna Middle  External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 6.2 6.1 7.3 6.7 
2 5.5 5.8 5.0 4.8 
6 5.3 5.7 5.1 5.5 
8 5.7 5.5 5.6 5.6 
9 7.2 7.1 7.1 6.3 
     
     
Mean 5.98 6.04 6.02 5.78 
SD 0.76 0.63 1.10 0.74 
95% CI 5.31 - 6.65 5.49 - 6.59 5.05 - 6.99 5.13 - 6.43 
 
 Ulna Distal Third - External Diameter 
Cat Ulna Distal Third  External Diameter (mm) 
  Craniocaudal Mediolateral 
  R L R L 
1 4.9 5.2 4.8 4.5 
2 4.8 4.6 3.4 4.2 
6 4.4 4.8 5.0 5.1 
8 5.0 5.1 4.4 4.3 
9 6.0 5.9 5.7 5.7 
     
     
Mean 5.02 5.12 4.66 4.76 
SD 0.59 0.50 0.85 0.63 
95% CI 4.5 - 5.54 4.68 - 5.56 3.92 - 5.4 4.21 - 5.31 
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4. Radiographic Measurement – Right and Left Averages 
a) Radius 
 Radial Length 
Cat 
Average Radial Length (mm) 
Craniocaudal Mediolateral 
1 97.50 96.50 
2 93.00 92.00 
6 98.15 96.25 
8 98.05 96.85 
9 113.80 112.20 
     
Mean 100.10 98.76 
SD 7.95 7.77 
95% CI 93.13 - 107.07 91.95 - 105.57 
 
 Radial Head - External Diameter 
Cat 
Radial Head - External Diameter (mm) 
CC  Mediolateral 
1 5.20 7.95 
2 5.55 7.10 
6 5.65 7.85 
8 5.90 7.80 
9 7.55 9.55 
     
Mean 5.97 8.05 
SD 0.92 0.90 
95% CI 5.17 - 6.77 7.26 - 8.84 
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 Radial Neck - External Diameter 
Cat 
Radial Neck - External Diameter (mm) 
Craniocaudal Mediolateral 
1 4.50 5.15 
2 4.25 4.05 
6 3.90 5.05 
8 5.10 5.10 
9 4.95 6.20 
     
Mean 4.54 5.11 
SD 0.49 0.76 
95% CI 4.11 - 4.97 4.44 - 5.78 
 
 Radius Proximal Third - External Diameter 
Cat 
Radius Proximal Third - External Diameter (mm) 
Craniocaudal Mediolateral 
1 5.65 6.45 
2 4.55 4.85 
6 4.70 5.30 
8 4.80 5.10 
9 5.95 6.30 
     
Mean 5.13 5.60 
SD 0.63 0.73 
95% CI 4.58 - 5.68 4.96 - 6.24 
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 Radius Middle - External Diameter 
Cat 
Radius Middle - External Diameter (mm) 
Craniocaudal Mediolateral 
1 5.85 6.25 
2 4.50 5.10 
6 4.80 5.50 
8 4.90 5.00 
9 5.95 6.30 
     
Mean 5.20 5.63 
SD 0.66 0.62 
95% CI 4.62 - 5.78 5.09 - 6.17 
 
 Radius Distal Third - External Diameter 
Cat 
Radius Distal Third - External Diameter (mm) 
Craniocaudal Mediolateral 
1 5.80 6.00 
2 4.55 4.80 
6 5.15 5.40 
8 5.05 4.65 
9 6.10 6.50 
     
Mean 5.33 5.47 
SD 0.62 0.79 
95% CI 4.79 - 5.87 4.78 - 6.16 
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 Radial Trochlea - External Diameter 
Cat 
Radial Trochlea - External Diameter (mm) 
Craniocaudal Mediolateral 
1 9.25 10.50 
2 9.35 10.05 
6 8.75 10.70 
8 9.55 10.60 
9 9.45 10.70 
     
Mean 9.27 10.51 
SD 0.31 0.27 
95% CI 9 - 9.54 10.27 - 10.75 
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b) Ulna 
 Ulna Length 
Cat 
Average Ulna Length (mm) 
Craniocaudal Mediolateral 
1 112.40 112.50 
2 108.30 107.45 
6 114.40 114.05 
8 109.60 109.65 
9 134.35 133.70 
     
Mean 115.81 115.47 
SD 10.63 10.50 
95%CI 106.49 - 125.13 106.26 - 124.68 
     
 
 Olecranon - External Diameter 
Cat 
Olecranon - External Diameter (mm) 
Craniocaudal Mediolateral 
1 9.90 5.75 
2 9.10 5.80 
6 9.85 5.60 
8 8.70 5.90 
9 11.25 7.00 
     
Mean 9.76 6.01 
SD 0.98 0.56 
95%CI 8.9 - 10.62 5.52 - 6.50 
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 Ulna Coronoid - External Diameter 
Cat 
Ulna Coronoid  - External Diameter (mm) 
Craniocaudal Mediolateral 
1 9.20 8.55 
2 8.70 9.25 
6 9.55 8.95 
8 9.40 10.40 
9 13.00 10.95 
     
Mean 9.97 9.62 
SD 1.72 1.01 
95%CI 8.46 - 11.48 8.73 - 10.51 
 
 Ulna Proximal Third - External Diameter 
Cat 
Ulna Proximal Third  - External Diameter (mm) 
Craniocaudal Mediolateral 
1 7.85 8.00 
2 6.60 6.85 
6 6.55 6.20 
8 6.65 7.50 
9 9.05 7.80 
     
Mean 7.34 7.27 
SD 1.10 0.74 
95%CI 6.38 - 8.3 6.62 - 7.92 
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 Ulna Middle - External Diameter 
Cat 
Ulna Middle  - External Diameter (mm) 
Craniocaudal Mediolateral 
1 6.15 7.00 
2 5.65 4.90 
6 5.50 5.30 
8 5.60 5.60 
9 7.15 6.70 
     
Mean 6.01 5.90 
SD 0.69 0.91 
95%CI 5.41 - 6.61 5.1 - 6.7 
 
 Ulna Distal Third - External Diameter 
Cat 
Ulna Distal Third  - External Diameter (mm) 
Craniocaudal Mediolateral 
1 5.05 4.65 
2 4.70 3.80 
6 4.60 5.05 
8 5.05 4.35 
9 5.95 5.70 
     
Mean 5.07 4.71 
SD 0.53 0.72 
95%CI 4.6 - 5.54 4.08 - 5.34 
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5. CT Measurements – Raw 
a) Radial Length 
Cat 
Radial Length (mm) 
R L 
1 94.32 94.31 
2 89.17 89.52 
6 94.38 94.66 
8 90.86 90.88 
9 111.16 109.62 
   
Mean 95.98 95.80 
SD 8.78 8.03 
95% CI 88.28 - 103.67 88.76- 102.84 
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Radial Cortical Thickness 
 Radial Head - Cortical Thickness 
Cat 
Right Radial Head - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 0.98 1.65 1.44 0.57 
2 0.94 0.95 0.88 0.80 
6 1.00 1.74 1.95 1.08 
8 0.86 0.85 1.62 0.89 
9 1.03 1.13 0.94 0.79 
     
Mean 0.96 1.26 1.37 0.83 
SD 0.07 0.41 0.45 0.18 
95% CI 0.9 - 1.02 0.91 - 1.62 0.97 - 1.76 0.67 - 0.99 
 
Cat 
Left Radial Head - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 1.06 1.05 1.62 0.71 
2 0.96 1.65 1.05 0.70 
6 1.26 1.02 1.13 0.87 
8 0.87 0.84 1.58 0.89 
9 1.06 1.10 0.94 0.76 
     
Mean 1.04 1.13 1.26 0.79 
SD 0.15 0.31 0.31 0.09 
95% CI 0.91 - 1.17 0.86 - 1.4 0.99 - 1.54 0.71 - 0.86 
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 Radial Neck - Cortical Thickness 
Cat 
Right Radial Neck  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 0.82 1.12 1.72 1.12 
2 0.79 0.88 1.33 1.13 
6 0.95 1.25 1.87 1.49 
8 0.80 0.86 1.60 1.16 
9 0.74 1.12 1.78 1.34 
     
Mean 0.82 1.05 1.66 1.25 
SD 0.08 0.17 0.21 0.16 
95% CI 0.75 - 0.89 0.9 - 1.19 1.48 - 1.84 1.11 - 1.39 
 
Cat 
Left Radial Neck  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 0.78 1.13 1.39 1.03 
2 0.86 1.00 1.36 1.28 
6 0.97 1.14 1.78 1.30 
8 0.79 0.87 1.62 1.09 
9 0.70 1.14 1.74 1.36 
     
Mean 0.82 1.06 1.58 1.21 
SD 0.10 0.12 0.19 0.14 
95% CI 0.73 - 0.91 0.95 - 1.16 1.41 - 1.75 1.09 - 1.34 
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 Radius Proximal Third - Cortical Thickness 
Cat 
Right Radius Proximal Third  - Cortical Thickness 
(mm) 
CC ML 
Cr Ca M La 
1 1.20 0.94 1.82 1.89 
2 1.23 0.95 2.01 1.97 
6 1.31 0.99 1.93 1.79 
8 1.19 0.88 1.72 1.81 
9 1.21 0.78 1.95 1.98 
     
Mean 1.23 0.91 1.89 1.89 
SD 0.05 0.08 0.12 0.09 
95% CI 1.19 - 1.27 0.83 - 0.98 1.78 - 1.99 1.81 - 1.97 
 
Cat 
Left Radius Proximal Third  - Cortical Thickness 
(mm) 
CC ML 
Cr Ca M La 
1 1.31 1.09 1.60 1.96 
2 1.11 0.96 1.82 1.76 
6 1.26 1.02 2.07 1.79 
8 1.10 0.88 1.75 1.80 
9 1.38 0.75 1.91 2.00 
     
Mean 1.23 0.94 1.83 1.86 
SD 0.12 0.13 0.18 0.11 
95% CI 1.12 - 1.34 0.83 - 1.06 1.68 - 1.98 1.77 - 1.96 
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 Radius Middle - Cortical Thickness 
Cat 
Right Radius Middle  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 1.17 1.20 2.07 1.65 
2 1.16 0.91 1.94 1.56 
6 1.24 1.33 1.74 1.86 
8 1.14 0.97 1.55 1.40 
9 1.40 1.16 1.67 1.38 
     
Mean 1.22 1.11 1.79 1.57 
SD 0.11 0.17 0.21 0.20 
95% CI 1.13 - 1.32 0.96 - 1.26 1.61 - 1.98 1.40 - 1.74 
 
Cat 
Left Radius Middle  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 1.40 1.12 1.45 1.69 
2 1.15 0.89 1.93 1.50 
6 1.26 1.21 1.89 1.63 
8 1.13 0.99 1.43 1.43 
9 1.40 1.09 1.66 1.37 
     
Mean 1.27 1.06 1.67 1.52 
SD 0.13 0.12 0.24 0.13 
95% CI 1.15 - 1.38 0.95 - 1.17 1.47 - 1.88 1.41 - 1.64 
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 Radius Distal Third - Cortical Thickness 
Cat 
Right Radius Distal Third  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 1.22 1.13 1.85 1.35 
2 1.13 1.11 1.59 1.15 
6 1.31 1.21 1.80 1.66 
8 1.21 1.12 1.50 1.16 
9 1.34 1.13 1.37 1.23 
     
Mean 1.24 1.14 1.62 1.31 
SD 0.08 0.04 0.20 0.21 
95% CI 1.17 - 1.32 1.1 - 1.18 1.45 - 1.8 1.12 - 1.50 
 
Cat 
Left Radius Distal Third  - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 1.52 1.15 1.65 1.51 
2 1.08 1.02 1.67 1.30 
6 1.37 1.21 1.74 1.70 
8 1.15 1.10 1.53 1.19 
9 1.37 1.11 1.30 1.32 
     
Mean 1.30 1.12 1.58 1.40 
SD 0.18 0.07 0.17 0.20 
95% CI 1.14 - 1.46 1.06 - 1.18 1.43 - 1.73 1.23 - 1.58 
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 Radial Trochlea - Cortical Thickness 
Cat 
Right Radial Trochlea - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 0.84 0.80 1.00 0.89 
2 0.64 0.57 0.98 0.97 
6 0.87 0.86 1.07 1.05 
8 0.85 0.83 0.83 0.88 
9 0.94 1.01 1.00 1.16 
     
Mean 0.83 0.81 0.98 0.99 
SD 0.11 0.16 0.09 0.12 
95% CI 0.73 - 0.93 0.67 - 0.95 0.9 - 1.05 0.89 - 1.09 
 
Cat 
Left Radial Trochlea - Cortical Thickness (mm) 
CC ML 
Cr Ca M La 
1 0.80 0.78 1.11 0.91 
2 0.42 0.55 0.82 0.61 
6 0.84 0.82 1.04 1.09 
8 0.84 0.84 0.83 0.88 
9 0.97 0.99 0.99 1.11 
     
Mean 0.78 0.80 0.96 0.92 
SD 0.21 0.16 0.13 0.20 
95% CI 0.59 - 0.96 0.65 - 0.94 0.84 - 1.07 0.74 - 1.1 
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b) Radial Internal Diameter 
 Radial Head - Internal Diameter 
Cat 
Radial Head - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 1.90 2.45 4.59 4.31 
2 2.41 1.58 5.29 4.39 
6 1.98 2.06 4.32 4.49 
8 2.50 2.52 4.69 4.67 
9 3.24 3.07 7.35 7.18 
     
     
Mean 2.41 2.34 5.25 5.01 
SD 0.53 0.56 1.23 1.22 
95% CI 1.94 - 2.87 1.85 - 2.82 4.17 - 6.32 3.94 - 6.08 
 
 Radial Neck - Internal Diameter 
Cat 
Radial Neck  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
Right Left Right Left 
1 1.88 2.07 2.26 3.52 
2 1.71 1.68 2.40 2.23 
6 1.43 1.49 2.83 2.78 
8 2.26 2.10 2.72 2.79 
9 2.97 2.67 4.92 4.15 
     
     
Mean 2.05 2.00 3.03 3.09 
SD 0.60 0.45 1.08 0.75 
95% CI 1.53 - 2.57 1.6 - 2.4 2.08 - 3.98 2.44 - 3.75 
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 Radius Proximal Third - Internal Diameter 
Cat 
Radius Proximal Third  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
Right Left Right Left 
1 0.72 2.38 1.49 3.99 
2 0.69 0.85 1.38 1.65 
6 1.27 1.19 2.02 2.08 
8 1.04 1.06 2.03 2.00 
9 2.35 2.37 3.77 3.27 
     
     
Mean 1.21 1.57 2.14 2.60 
SD 0.68 0.74 0.96 0.99 
95% CI 0.62 - 1.81 0.92 - 2.22 1.3 - 2.98 1.73 - 3.47 
 
 Radius Middle - Internal Diameter 
Cat 
Radius Middle  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
Right Left Right Left 
1 0.94 2.58 2.00 4.16 
2 0.94 1.13 1.97 1.98 
6 1.12 1.26 2.74 2.71 
8 1.40 1.45 2.50 2.49 
9 2.51 2.47 3.97 3.84 
     
     
Mean 1.38 1.78 2.64 3.04 
SD 0.66 0.69 0.82 0.93 
95% CI 0.81 - 1.96 1.17 - 2.38 1.92 - 3.35 2.22 - 3.85 
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 Radius Distal Third - Internal Diameter 
Cat 
Radius Distal Third  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
Right Left Right Left 
1 1.28 2.76 2.43 4.15 
2 1.22 1.18 2.34 2.31 
6 1.42 1.48 2.81 2.96 
8 1.58 1.65 3.01 2.95 
9 2.99 2.68 4.78 3.10 
     
     
Mean 1.70 1.95 3.07 3.09 
SD 0.74 0.72 0.99 0.66 
95% CI 1.05 - 2.34 1.32 - 2.58 2.2 - 3.94 2.51 - 3.68 
 
 Radial Trochlea - Internal Diameter 
Cat 
Radial Trochlea - Internal Diameter (mm) 
Craniocaudal Mediolateral 
R Left R Left 
1 3.61 3.93 7.84 7.35 
2 4.78 4.97 7.37 7.48 
6 3.41 3.31 7.26 7.27 
8 4.73 3.89 7.24 7.30 
9 4.04 3.74 7.40 7.24 
     
     
Mean 4.11 3.97 7.42 7.33 
SD 0.63 0.61 0.24 0.09 
95% CI 3.56 - 4.66 3.43 - 4.5 7.21 - 7.64 7.25 - 7.41 
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c) Ulna Length 
Cat 
Ulna length (mm) 
Right Left 
1 111.23 111.44 
2 107.10 107.20 
6 113.96 113.86 
8 108.76 107.73 
9 133.85 131.56 
   
Mean 114.98 114.36 
SD 10.86 10.00 
95% CI 105.46 - 124.5 105.59 - 123.12 
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d) Ulna Cortical Thickness 
 Olecranon - Cortical Thickness 
Cat 
Right Olecranon - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 0.79 1.73 0.99 1.12 
2 0.84 1.26 0.63 0.74 
6 0.93 1.95 0.84 0.82 
8 0.93 1.57 0.60 0.64 
9 0.76 2.19 0.59 0.87 
     
     
Mean 0.85 1.74 0.73 0.84 
SD 0.08 0.36 0.18 0.18 
95% CI 0.78 - 0.92 1.43 - 2.05 0.57 - 0.89 0.68 - 1 
 
Cat 
Left Olecranon - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 0.69 1.72 0.83 0.94 
2 0.33 1.28 0.70 0.75 
6 0.91 1.46 0.97 0.95 
8 0.93 1.61 0.63 0.68 
9 0.77 2.17 0.56 0.83 
     
     
Mean 0.73 1.65 0.74 0.83 
SD 0.24 0.34 0.16 0.12 
95% CI 0.51 - 0.94 1.35 - 1.94 0.6 - 0.88 0.73 - 0.93 
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 Coronoid - Cortical Thickness 
Cat 
Right Coronoid - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 4.38 2.54 1.18 3.71 
2 4.48 3.09 1.19 3.17 
6 5.46 3.20 1.31 3.63 
8 4.54 3.20 1.14 3.26 
9 5.01 3.59 1.30 4.31 
     
     
Mean 4.77 3.12 1.22 3.62 
SD 0.45 0.38 0.08 0.45 
95% CI 4.38 - 5.17 2.79 - 3.46 1.16 - 1.29 3.22 - 4.01 
 
Cat 
Left Coronoid - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 4.35 2.86 1.10 3.76 
2 4.42 3.00 1.23 3.16 
6 5.00 3.29 1.37 3.79 
8 4.55 3.24 1.12 3.20 
9 5.04 3.64 1.17 3.80 
     
     
Mean 4.67 3.21 1.20 3.54 
SD 0.33 0.30 0.11 0.33 
95% CI 4.39 - 4.96 2.94 - 3.47 1.1 - 1.29 3.25 - 3.83 
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 Ulna Proximal Third - Cortical Thickness 
Cat 
Right Ulna Proximal Third  - Cortical Thickness 
(mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 1.88 3.72 1.24 0.88 
2 2.12 3.71 1.03 0.93 
6 1.72 2.86 1.47 1.10 
8 1.93 3.15 1.10 0.99 
9 2.12 3.26 1.40 1.04 
     
     
Mean 1.95 3.34 1.25 0.99 
SD 0.17 0.37 0.19 0.09 
95% CI 1.8 - 2.1 3.01 - 3.67 1.08 - 1.41 0.91 - 1.06 
 
Cat 
Left Ulna Proximal Third  - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 2.03 3.72 1.01 1.04 
2 2.41 3.73 1.09 0.90 
6 1.94 3.45 1.39 1.14 
8 2.07 3.15 1.13 0.95 
9 2.10 3.29 1.45 1.09 
     
     
Mean 2.11 3.47 1.21 1.02 
SD 0.18 0.26 0.19 0.10 
95% CI 1.95 - 2.27 3.24 - 3.69 1.04 - 1.38 0.94 - 1.11 
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 Ulna Middle - Cortical Thickness 
Cat 
Right Ulna Middle  - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 1.09 1.20 1.67 1.00 
2 1.24 2.39 1.20 0.94 
6 1.31 2.00 1.48 1.26 
8 1.21 2.35 1.19 0.97 
9 1.40 2.65 1.35 1.38 
     
     
Mean 1.25 2.12 1.38 1.11 
SD 0.12 0.56 0.20 0.20 
95% CI 1.15 - 1.35 1.62 - 2.61 1.2 - 1.56 0.94 - 1.28 
 
Cat 
Left Ulna Middle  - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 1.02 1.85 1.19 0.96 
2 1.32 2.31 1.20 0.96 
6 1.36 2.60 1.33 1.30 
8 1.24 2.31 1.18 0.99 
9 1.44 2.69 1.42 1.35 
     
     
Mean 1.28 2.35 1.26 1.11 
SD 0.16 0.33 0.11 0.20 
95% CI 1.14 - 1.42 2.06 - 2.64 1.17 - 1.36 0.94 - 1.28 
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 Ulna Distal Third - Cortical Thickness 
Cat 
Right Ulna Distal Third  - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 1.51 1.16 1.44 1.04 
2 1.37 1.33 1.13 0.95 
6 1.48 1.53 1.45 1.17 
8 1.22 1.54 1.16 0.98 
9 1.58 1.06 1.14 1.12 
     
     
Mean 1.43 1.32 1.26 1.05 
SD 0.14 0.22 0.17 0.09 
95% CI 1.31 - 1.56 1.14 - 1.51 1.12 - 1.41 0.97 - 1.13 
 
Cat 
Left Ulna Distal Third  - Cortical Thickness (mm) 
Craniocaudal  Mediolateral 
Cranial Caudal Medial Lateral 
1 1.60 1.05 1.15 0.93 
2 1.71 1.12 1.22 1.04 
6 1.57 1.59 1.32 1.20 
8 1.22 1.50 1.11 0.97 
9 1.63 1.02 1.15 1.11 
     
     
Mean 1.55 1.26 1.19 1.05 
SD 0.19 0.27 0.08 0.11 
95% CI 1.38 - 1.71 1.02 - 1.49 1.12 - 1.26 0.95 - 1.14 
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e) Ulna Internal Diameter 
 Ulna Olecranon - Internal Diameter (mm) 
Cat 
Ulna Olecranon - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 6.58 6.79 2.73 2.91 
2 7.22 7.13 2.32 2.14 
6 5.99 6.07 2.18 2.12 
8 6.57 6.64 2.75 2.72 
9 7.50 7.32 3.53 3.66 
     
     
Mean 6.77 6.79 2.70 2.71 
SD 0.60 0.48 0.53 0.64 
95% CI 6.25 - 7.29 6.37 - 7.21 2.24 - 3.16 
2.15 - 
3.27 
 Ulna Coronoid - Internal Diameter (mm) 
Cat 
Ulna Coronoid - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 3.09 3.18 2.77 2.39 
2 3.08 2.87 1.88 1.95 
6 2.54 2.75 1.96 1.96 
8 2.77 2.68 2.24 2.18 
9 4.32 4.32 2.89 3.45 
     
     
Mean 3.16 3.16 2.35 2.39 
SD 0.69 0.68 0.46 0.62 
95% CI 2.56 - 3.76 2.57 - 3.75 1.94 - 2.75 1.84 - 2.93 
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 Ulna Proximal Third - Internal Diameter (mm) 
Cat 
Ulna Proximal Third - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 4.34 1.78 2.78 0.97 
2 2.01 1.76 0.80 0.75 
6 2.66 2.80 1.30 1.26 
8 2.83 2.76 1.00 0.96 
9 5.11 5.15 1.86 1.81 
     
     
Mean 3.39 2.85 1.55 1.15 
SD 1.29 1.38 0.80 0.41 
95% CI 2.26 - 4.52 1.64 - 4.06 0.85 - 2.25 0.79 - 1.51 
 
 Ulna Middle - Internal Diameter (mm) 
Cat 
Ulna Middle - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 2.83 2.65 3.49 2.36 
2 2.38 2.15 1.38 1.11 
6 2.22 2.37 1.58 1.65 
8 2.35 2.40 1.42 1.48 
9 3.69 3.47 2.48 2.43 
     
     
Mean 2.69 2.61 2.07 1.81 
SD 0.60 0.51 0.91 0.57 
95% CI 2.17 - 3.22 2.16 - 3.06 1.27 - 2.87 1.3 - 2.31 
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 Ulna Distal Third - Internal Diameter (mm) 
Cat 
Ulna Distal Third - Internal Diameter (mm) 
Craniocaudal  Mediolateral 
Right Left Right Left 
1 1.73 2.02 1.83 1.57 
2 1.80 1.60 1.10 1.18 
6 1.82 1.85 1.53 1.57 
8 2.13 2.10 1.44 1.43 
9 2.86 2.95 3.06 2.90 
     
     
Mean 2.07 2.10 1.79 1.73 
SD 0.47 0.51 0.76 0.67 
95% CI 1.66 - 2.48 1.66 - 2.55 1.13 - 2.45 1.14 - 2.32 
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f) Cancellous Bone 
 Proximal Cancellous Bone Extent 
Cat 
Proximal extent (mm) 
Right Left 
Radius Ulna Radius Ulna 
1 3.66 11.49 4.45 10.31 
2 2.70 11.42 2.80 11.22 
6 3.79 15.18 3.86 14.58 
8 3.73 11.91 3.35 12.56 
9 3.84 16.36 3.77 16.19 
     
Mean 3.54 13.27 3.65 12.97 
SD 0.48 2.33 0.61 2.41 
95% CI 3.13 - 3.96 11.23 - 15.31 3.11 - 4.18 10.86 - 15.09 
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 Distal Cancellous Bone Extent 
Cat 
Distal extent (mm) 
Right Left 
Radius Ulna Radius Ulna 
1 11.24 9.20 11.03 9.14 
2 11.15 11.55 10.13 11.45 
6 9.89 9.57 9.30 9.55 
8 9.98 10.00 9.34 9.95 
9 9.20 13.24 12.39 13.41 
     
Mean 10.29 10.71 10.44 10.70 
SD 0.88 1.67 1.30 1.75 
95% CI 9.52 - 11.06 9.25 - 12.18 9.3 - 11.58 
9.17 - 
12.23 
     
 Radial Cancellous Bone Volume 
Cat 
Radial Cancellous Bone Volume (mm³) 
Right Radius Left Radius 
Proximal Distal Proximal Distal 
1 10.07 61.14 13.75 69.39 
2 9.74 94.54 8.58 104.03 
6 7.06 41.28 5.97 36.44 
8 14.69 84.63 15.40 87.91 
9 22.33 97.19 23.74 92.22 
     
Mean 12.78 75.76 13.49 78.00 
SD 6.00 23.94 6.88 26.36 
95% CI 7.52 - 18.04 54.77 - 96.74 7.46 - 19.52 
54.89 - 
101.1 
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 Ulna Cancellous Bone Volume  
Cat 
Ulna Cancellous Bone Volume (mm³) 
Right Ulna Left Ulna 
Proximal Distal Proximal Distal 
1 69.39 15.74 64.97 9.19 
2 84.15 21.29 78.80 22.22 
6 70.16 10.19 66.67 12.45 
8 99.14 17.66 91.64 15.67 
9 159.63 27.42 157.08 23.08 
     
Mean 96.49 18.46 91.83 16.52 
SD 37.33 6.42 38.02 6.05 
95% CI 63.77 - 129.21 
12.84 - 
24.08 58.51 - 125.16 11.22 - 21.83 
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6. CT Measurements – Averages 
a) Average Radial Cortical Thickness 
 Radial Head - Cortical Thickness 
Cat 
Radial Head - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.02 1.35 1.53 0.64 
2 0.95 1.30 0.97 0.75 
6 1.13 1.38 1.54 0.98 
8 0.86 0.85 1.60 0.89 
9 1.05 1.12 0.94 0.78 
     
Mean 1.00 1.20 1.32 0.81 
SD 0.10 0.22 0.33 0.13 
95% CI 0.91 - 1.09 1 - 1.39 1.03 - 1.61 0.69 - 0.92 
 
 Radial Neck - Cortical Thickness 
Cat 
Radial Neck  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 0.80 1.13 1.56 1.08 
2 0.82 0.94 1.35 1.21 
6 0.96 1.20 1.83 1.40 
8 0.79 0.87 1.61 1.13 
9 0.72 1.13 1.76 1.35 
     
Mean 0.82 1.05 1.62 1.23 
SD 0.09 0.14 0.19 0.14 
95% CI 0.74 - 0.9 0.93 - 1.17 1.45 - 1.78 1.11 - 1.35 
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 Radius Proximal Third - Cortical Thickness 
Cat 
Radius Proximal Third  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.60 2.41 1.42 1.42 
2 1.17 0.95 1.92 1.87 
6 1.29 1.01 2.00 1.79 
8 1.15 0.88 1.74 1.81 
9 1.30 0.76 1.93 1.99 
     
Mean 1.30 1.20 1.80 1.77 
SD 0.18 0.68 0.23 0.21 
95% CI 1.14 - 1.45 0.61 - 1.8 1.6 - 2 1.59 - 1.96 
 
 Radius Middle - Cortical Thickness 
Cat 
Radius Middle  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.29 1.16 1.76 1.67 
2 1.16 0.90 1.94 1.53 
6 1.25 1.27 1.82 1.75 
8 1.14 0.98 1.49 1.42 
9 1.40 1.13 1.67 1.38 
     
Mean 1.25 1.09 1.73 1.55 
SD 0.11 0.15 0.17 0.16 
95% CI 1.15 - 1.34 0.96 - 1.22 1.59 - 1.88 1.41 - 1.69 
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 Radius Distal Third - Cortical Thickness 
Cat 
Radius Distal Third  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.37 1.14 1.75 1.43 
2 1.11 1.07 1.63 1.23 
6 1.34 1.21 1.77 1.68 
8 1.18 1.11 1.52 1.18 
9 1.36 1.12 1.34 1.28 
     
Mean 1.27 1.13 1.60 1.36 
SD 0.12 0.05 0.18 0.20 
95% CI 1.16 - 1.38 1.08 - 1.18 1.44 - 1.76 1.18 - 1.54 
     
 
 Radial Trochlea - Cortical Thickness 
Cat 
Radial Trochlea - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 0.82 0.79 1.06 0.90 
2 0.53 0.56 0.90 0.79 
6 0.85 0.84 1.06 1.07 
8 0.84 0.83 0.83 0.88 
9 0.96 1.00 0.99 1.14 
     
Mean 0.80 0.80 0.97 0.96 
SD 0.16 0.16 0.10 0.14 
95% CI 0.66 - 0.94 0.66 - 0.94 0.88 - 1.05 0.83 - 1.08 
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b) Average Radial Internal Diameter 
 Radial head - Internal Diameter 
Cat 
Radial head - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 2.18 4.45 
2 2.00 4.84 
6 2.02 4.41 
8 2.51 4.68 
9 3.16 7.27 
   
Mean 2.37 5.13 
SD 0.48 1.21 
95% CI 1.95 - 2.8 4.07 - 6.19 
 
 Radial Neck - Internal Diameter 
Cat 
Radial Neck  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 1.98 2.89 
2 1.70 2.32 
6 1.46 2.81 
8 2.18 2.76 
9 2.82 4.54 
   
Mean 2.03 3.06 
SD 0.52 0.85 
95% CI 1.57 - 2.48 2.31 - 3.81 
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 Radius Proximal Third - Internal Diameter 
Cat 
Radius Proximal Third  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 3.06 3.39 
2 0.77 1.52 
6 1.23 2.05 
8 1.05 2.02 
9 2.36 3.52 
   
Mean 1.69 2.50 
SD 0.97 0.90 
95% CI 0.84 - 2.55 1.71 - 3.28 
 
 Radius Middle - Internal Diameter 
Cat 
Radius Middle  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 1.76 3.08 
2 1.04 1.98 
6 1.19 2.73 
8 1.43 2.50 
9 2.49 3.91 
   
Mean 1.58 2.84 
SD 0.58 0.72 
95% CI 1.07 - 2.09 2.21 - 3.47 
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 Radius Distal Third - Internal Diameter 
Cat 
Radius Distal Third  - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 2.02 3.29 
2 1.20 2.33 
6 1.45 2.89 
8 1.62 2.98 
9 2.84 3.94 
   
Mean 1.82 3.08 
SD 0.64 0.59 
95% CI 1.26 - 2.38 2.57 - 3.6 
 
 Radial Trochlea - Internal Diameter 
Cat 
Radial Trochlea - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 5.73 7.60 
2 4.88 7.43 
6 3.36 7.27 
8 4.31 7.27 
9 3.89 7.32 
   
Mean 4.43 7.38 
SD 0.91 0.14 
95% CI 3.63 - 5.23 7.25 - 7.5 
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c) Average Ulna Cortical Thickness 
 Olecranon - Cortical Thickness 
Cat 
Olecranon - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 0.74 1.73 0.91 1.03 
2 0.58 1.27 0.67 0.75 
6 0.92 1.71 0.90 0.88 
8 0.93 1.59 0.62 0.66 
9 0.76 2.18 0.57 0.85 
     
     
Mean 0.79 1.69 0.73 0.83 
SD 0.14 0.33 0.16 0.14 
95% CI 0.66 - 0.91 1.41 - 1.98 0.59 - 0.87 0.71 - 0.96 
 
 Coronoid - Cortical Thickness 
Cat 
 Coronoid - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 4.37 2.70 1.14 3.74 
2 4.45 3.05 1.21 3.17 
6 5.23 3.25 1.34 3.71 
8 4.55 3.22 1.13 3.23 
9 5.03 3.62 1.24 4.06 
     
     
Mean 4.72 3.17 1.21 3.58 
SD 0.38 0.33 0.08 0.37 
95% CI 4.39 - 5.06 2.87 - 3.46 1.14 - 1.29 3.25 - 3.91 
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 Ulna Proximal Third - Cortical Thickness 
Cat 
 Ulna Proximal Third  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.96 3.72 1.13 0.96 
2 2.27 3.72 1.06 0.92 
6 1.83 3.16 1.43 1.12 
8 2.00 3.15 1.12 0.97 
9 2.11 3.28 1.43 1.07 
     
     
Mean 2.03 3.40 1.23 1.01 
SD 0.16 0.29 0.18 0.08 
95% CI 1.89 - 2.18 3.15 - 3.66 1.07 - 1.39 0.93 - 1.08 
 
 Ulna Middle - Cortical Thickness 
Cat 
 Ulna Middle  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.06 1.53 1.43 0.98 
2 1.28 2.35 1.20 0.95 
6 1.34 2.30 1.41 1.28 
8 1.23 2.33 1.19 0.98 
9 1.42 2.67 1.39 1.37 
     
     
Mean 1.26 2.24 1.32 1.11 
SD 0.14 0.42 0.12 0.20 
95% CI 1.14 - 1.38 1.86 - 2.61 1.22 - 1.42 0.94 - 1.28 
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 Ulna Distal Third - Cortical Thickness 
Cat 
 Ulna Distal Third  - Cortical Thickness (mm) 
Cranial Caudal Medial Lateral 
1 1.56 1.11 1.30 0.98 
2 1.54 1.23 1.18 1.00 
6 1.53 1.56 1.39 1.19 
8 1.22 1.52 1.14 0.97 
9 1.61 1.04 1.15 1.12 
     
     
Mean 1.49 1.29 1.23 1.05 
SD 0.15 0.24 0.11 0.09 
95% CI 1.35 - 1.62 1.08 - 1.5 1.13 - 1.32 0.97 - 1.13 
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d) Average Ulna Internal Diameter 
 Ulna Olecranon - Internal Diameter 
Cat 
Ulna Olecranon - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 6.69 2.82 
2 7.18 2.23 
6 6.03 2.15 
8 6.61 2.74 
9 7.41 3.60 
   
   
Mean 6.78 2.71 
SD 0.54 0.58 
95% CI 6.31 - 7.25 2.2 - 3.21 
 
 Ulna Coronoid - Internal Diameter 
Cat 
Ulna Coronoid - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 3.14 2.58 
2 2.98 1.92 
6 2.65 1.96 
8 2.73 2.21 
9 4.32 3.17 
   
   
Mean 3.16 2.37 
SD 0.68 0.52 
95% CI 2.57 - 3.75 1.91 - 2.82 
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 Ulna Proximal Third - Internal Diameter 
Cat 
Ulna Proximal Third - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 3.06 1.87 
2 1.89 0.77 
6 2.73 1.28 
8 2.80 0.98 
9 5.13 1.84 
   
   
Mean 3.12 1.35 
SD 1.21 0.50 
95% CI 2.06 - 4.18 0.91 - 1.78 
 
 Ulna Middle - Internal Diameter 
Cat 
Ulna Middle - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 2.74 2.93 
2 2.27 1.25 
6 2.30 1.62 
8 2.38 1.45 
9 3.58 2.46 
   
   
Mean 2.65 1.94 
SD 0.55 0.72 
95% CI 2.17 - 3.14 1.31 - 2.57 
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 Ulna Distal Third - Internal Diameter 
Cat 
Ulna Distal Third - Internal Diameter (mm) 
Craniocaudal Mediolateral 
1 1.88 1.70 
2 1.70 1.14 
6 1.84 1.55 
8 2.12 1.44 
9 2.91 2.98 
   
   
Mean 2.09 1.76 
SD 0.48 0.71 
95% CI 1.66 - 2.51 1.14 - 2.38 
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e) Average Extent of Cancellous Bone Extent 
 Average Extent of Cancellous Bone Extent (mm) 
 Radius Ulna 
 Proximal Distal Proximal Distal 
Mean 3.60 10.37 13.12 10.71 
SD 0.52 1.05 2.24 1.61 
95% CI 3.27 - 3.92 9.72 - 11.01 11.73 - 14.51 9.71 - 11.71 
 
f) Average Volume Cancellous Bone 
 Average  Cancellous Bone Volume (mm³) 
 Radius Ulna 
 Proximal Distal Proximal Distal 
Mean 13.13 76.88 94.16 17.49 
SD 6.10 23.77 35.61 5.97 
95% CI 9.35 - 16.91 62.14 - 91.61 72.09 - 116.23 
13.79 - 
21.19 
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B. Phase II 
1. Signalment Data 
Cat Sex Neuter status Mass (kg) 
1 F Neuter 3.51 
2 M Unknown 4.06 
3 F Unknown 4.51 
4 F Unknown 7.02 
5 F Unknown 5.08 
6 M Intact 5.33 
7 F Unknown 3.61 
8 M Intact 5.24 
10 F Unknown 4.40 
12 F Unknown 5.30 
13 M Neuter 3.91 
14 M Intact 5.14 
 
Mean Mass (kg) 4.76 
95%CI 4.21 - 5.31 
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2. Masses 
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3. Results by Cat, Limb and Construct 
Cat Limb Construct 
Axial 
Compression 
Stiffness 
(N/mm)  
Mediolateral 
Bending 
Stiffness 
(N/mm) 
Caudocranial 
Bending 
Stiffness 
(N/mm) 
Axial 
Compression 
Failure Load 
(N) 
1 
L P 176.23 125.27 45.42 117.38 
R PI 277.79 167.72 62.06 265.12 
2 
L PP 454.05 154.53 159.86 606.98 
R P 115.52 185.83 66.55 92.68 
3 
L PI 285.83 121.93 157.25 117.98 
R PP 473.55 72.00 83.44 496.39 
4 
L P 88.80 162.67 73.82 84.41 
R PI 542.01 116.02 193.73 238.64 
5 
L PP 401.57 80.11 78.94 431.63 
R P 229.77 74.86 39.39 157.92 
6 
L PI 228.98 124.10 70.63 115.03 
R PP 413.44 81.66 157.16 355.00 
7 
L P 126.55 146.00 46.56 109.09 
R PI 435.58 133.93 144.18 215.01 
8 
L PP 403.96 182.16 339.20 406.25 
R P 260.87 186.32 62.73 123.58 
10 
L PI 307.00 119.10 177.92 128.21 
R PP 383.70 134.44 150.80 587.89 
14 
L P 337.15 138.25 48.23 213.72 
R PI 453.97 88.33 204.58 208.58 
12 
L PP 468.30 236.08 187.23 434.97 
R P 261.05 176.50 60.28 126.19 
13 
L PI 409.22 107.68 112.66 138.19 
R PP 475.86 132.83 132.57 246.20 
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a) Axial Compression Stiffness Results 
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b) Mediolateral Bending Stiffness Results 
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c) Caudocranial Bending Stiffness Results 
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d) Failure Load Results 
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4. Bending Load-Deformation Curves  
a) Cat 1 Bending 
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b) Cat 2 Bending 
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c) Cat 3 Bending 
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d) Cat 4 Bending 
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e) Cat 5 Bending 
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f) Cat 6 Bending 
 
 
0
5
10
15
20
25
30
35
40
45
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Lo
ad
 (
N
)
Extension (mm)
Cat 6 - Left Limb - Plate + Pin
Mediolateral Bending
Caudocranial Bending
0
5
10
15
20
25
30
35
40
45
0 0.1 0.2 0.3 0.4 0.5 0.6
Lo
ad
 (
N
)
Extension (mm)
Cat 6 - RIght Limb - Plate + Plate
Mediolateral Bending
Caudocranial Bending
200 
 
g) Cat 7 Bending 
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h) Cat 8 Bending 
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i) Cat 10 Bending 
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j) Cat 14 Bending 
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k) Cat 12 Bending 
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l) Cat 13 Bending 
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5. Axial Compression Load-Deformation Curves 
a) Cat 1 Axial Compression 
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b) Cat 2 Axial Compression 
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c) Cat 3 Axial Compression 
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d) Cat 4 Axial Compression 
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e) Cat 5 Axial Compression 
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f) Cat 6 Axial Compression 
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g) Cat 7 Axial Compression 
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h) Cat 8 Axial Compression 
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i) Cat 10 Axial Compression 
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j) Cat 14 Axial Compression 
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k) Cat 12 Axial Compression 
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l) Cat 13 Axial Compression 
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6. Failure Load Load-Deformation Curves 
a) Cat 1 Failure Load 
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b) Cat 2 Failure Load 
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c) Cat 3 Failure Load 
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d) Cat 4 Failure Load 
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e) Cat 5 Failure Load 
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f) Cat 6 Failure Load 
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g) Cat 7 Failure Load 
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h) Cat 8 Failure Load 
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i) Cat 10 Failure Load 
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j) Cat 14 Failure Load 
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k) Cat 12 Failure Load 
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l) Cat 13 Failure Load 
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